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CHARACTERISTICS OF ELECTRO'S DEUCES 


The broad field of electronics has expanded tremendously during the 

past decade, in part owing to the invention of new electronic devices and 

in part owing to the more widespread applications to which electronic 

circuits have been applied. Such applications, which might be called 

electronics systems, cannot be uniquely defined, except perhaps as an 

aggregate or complex of electronic subsystems, each of which carries out 

some specified operation in a specilied time sequence relative to some 

established time base. Interestingly enough, there are a rather limited 

number of basic electronic subsvstems and it is these which are usuallv 

• \ 

adapted to any specific application. Occasionally new fundamental elec¬ 
tronic subsystems will be invented, and these are added to the available 
encyclopedia to which most workers in the field go for the basic elements 
of the complete structure that they wish to develop. 

It is most important to realize that these fundamental building blocks 

are essentially electrical networks. Some of these networks mav be 

% 

passive devices, or they may be active devices, usually being driven by 
an electronic device, such as a vacuum tube, a transistor, a magnetic 
amplifier, a gas tube, a photoelectric tube, a thermoelectric transducer, 
or any one of a number of other possible sources, independent or depend¬ 
ent. Ordinarily the basic operation to be achieved is much more funda¬ 
mental than the particular device that is used to drive the network. For 
example, amplitude modulation, which is the process ot prodin mg a wave 
the amplitude oi which \aries as a function of the instantaneous value 
of a second or modulating wave, requires a nonlinear circuit element to 
effect this operation. Of course, the particular nonlinear device will 
influence the details of the rest of the associated circuit, but this will be 
a matter of detail rather than a fundamental effect. For this reason, 
it is stressed that, while most ot the circuits to be discussed will assume a 
vacuum tube as the exciting element of the associated electrical network, 
a generally comparable development will be possible for transistor cir¬ 
cuits. In view of their developing importance, an occasional analysis 
will be included of a transistor-driven circuit as well as of the vacuum - 
tube-driven circuit. But it must be remembered that the physical proc- 
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narily being of secondary importance. Therefore, the term “electron 
tube” will generally be used in a generic sense to include ,all types of 
electron devices—vacuum tubes of all types, semiconductor devices, gas 
tubes, etc. 

1-1. Introduction. This text will confine itself principally to a study 
of a variety of circuits which perform basic operations. It is these cir¬ 
cuits which form the building blocks of a tremendous array of electronic 
systems for all manner of application. As a part of the study, some dis¬ 
cussion will be included of the manner of connecting a variety of such 
building blocks to perform a specified sequence of operations. 

A particular electronic system may impose a demand for electronic cir¬ 
cuits to perform a wide diversity of operations. For example, a rela¬ 
tively simple system might easily require the generation of waves of 
sinusoidal waveshape, of square waveshape, of triangular waveshape, 
amplifiers which amplify with virtually no distortion amplifiers which 
introduce controlled distortion, amplifiers which produce controlled block¬ 
ing, and a host of others. Some building blocks may consist of relatively 
simple circuits, and others may require a relatively complex array of 
components to achieve the desired end. 

In order to present the material in a reasonably logical manner, the 
following chapters present the analyses of the operation of a variety of 
classes of electronic circuits, without regard for the particular applica¬ 
tions, but principally according to the manner of operation and analysis. 
For this reason, a given chapter may contain circuits which have alto¬ 
gether different applications. The choice of examples and problems will 
indicate in some measure representative applications. Some discussion 
will be included in such cases of practical reasons which might influence 
the preference for one circuit over another for achieving a specified 
requirement. 

1-2. Fundamental Considerations in Electron Tubes. Before one 
undertakes a study of circuits that incorporate electron devices, it will be 
well to examine certain of the physical principles which govern the oper¬ 
ation of these devices. I here are two important basic questions that 
relate to such devices. One relates to the actual source of the electrons 
and their liberation; the second relates to the control of the current 
stream. A brief discussion of these matters follows. 1 * 

a 

EMISSION OF ELECTRONS 

1-3. Source and Control of Electrons. According to modern theory, 
all matter is electrical in nature. The atom, which is one of the funda- 


mentaHmilding blocks of all matter, consists of a central core or nucleus 
which is positively charged and which carries nearly all the mass of the 
atom. Enough negatively charged electrons surround the nucleus so 
that the atom is electrically neutral in its normal state. Since all chemi¬ 
cal substances consist of groups of these atoms which are bound to each 
other, then all matter, whether it is in the solid, the liquid, or the gase¬ 
ous state, is a potential source of electrons. All three states of matter 
do, in fact, serve as sources of electrons. A number of different proc¬ 
esses serve to effect the release of electrons, those which are of impor¬ 
tance in electron tubes being (1) thermionic emission, (2) secondary emis¬ 
sion, (3) photoelectric emission, (4) high field emission, (5) ionization, and 
(6) semiconduction. These processes will be considered in some detail in 
what follows. 

With the release of the electrons, a means for their control must be 
provided. Such control is effected by means of externally controlled elec¬ 
tric fields or magnetic fields, or both. These fields perform one or both 
of the following functions: (1) control of the number of electrons that 
leave the region near the emitter; (2) control of the paths of the electrons 
after they leave the emitter. Control method 1 is the more common, and 
such a control method is incorporated in almost all electron tubes, except 
those of the field-deflected variety. The cathode-ray tube is a very 
important example of a field-deflected tube. However, even in this latter 
case, a control of type 1 is incorporated to control the electron-tube cur¬ 
rent, even though the subsequent motion is controlled by means of electric 
or magnetic fields, or both. 

1-4. Thermionic Emission. Consider matter in the metallic state. 
Metals are most generally employed in the form of a wire or ribbon fila¬ 
ment. It such a filament contains electrons and if these are relativelv 
free to move about in the metal (and this is the case since the application 
of a small potential difference between the ends of the wire will result in 
a current flow), it might be expected that some electrons might “leak” 
out of the metal of their own accord.* This does not occur, however. 

Consider what happens to an electron as it seeks to escape from a metal. 
'The escaping, negatively charged electron will induee a positive charge 
on the metal. There will then be a force of attraction between the 
induced charge and the electron. Unless the escaping electron possesses 
sufficient energy to carry it out of the region of influence of this image 
force of attraction, it will be returned to the metal,) The minimum 
amount of energy that is required to release the electron against this 
attractive force is known as the work function of the metal. This 
requisite minimum amount of energy may be supplied by any one of a 
number of different methods. One of the most important methods is to 
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energy supplied to the metal is transferred from the lattice of the heated 
metal crystals into kinetic energy of the electrons.' 

An explicit expression relating the thermionic-emission current density 
and the temperature of the metal can be derived. 1 The expression so 
derived has the form 

Jth = AoT 2 e~ h ° /T ( 1 _ 1 ) 

where A 0 is a constant for all metals and has the value of 120 X 10 4 
amp/(m 2 )(°K 2 ) and b 0 is a constant that is characteristic of the metal. 
The quantity b 0 is related to the work function E w of the metal by 

b 0 = 11,6002?jf °K (1-2) 

It has been found experimentally that Eq. (1-1) does represent the form 
of the variation of current with temperature for most metals, although 
the value obtained for A 0 may differ materially from the theoretical value 
of 120 X 10 4 amp/(m 2 )(°K 2 ). 


TABLE 1-1 


THE IMPORTANT THERMIONIC EMITTERS AND 
THE THERMIONIC-EMISSION CONSTANTS 


Emitter 

Ao, amp/(m 2 )(°K 2 ) 

Ew, ev 

Tungsten 

60 X HP 

4.52 

Thoriated-tungsten. 

3 X 10* 

2.63 

Oxide-coated. 

0.01 x 10 < 

1 


It follows from Eq. (1-1) that metals that have a low work function 
will provide copious emission at moderately low temperatures. Unfor¬ 
tunately, however, the low-work-function metals melt in some cases and 
boil in others, at the temperatures necessary for appreciable thermionic 
emission. 1 he important emitters in present-day use are pure-tungsten, 
thoriated-tungsten, and oxide-coated cathodes. The thermionic-emis¬ 
sion constants of these emitters are contained in Table 1-1. 

Tungsten is used extensively for thermionic filaments despite its rela¬ 
tively high work function. In fact, this material is particularly impor¬ 
tant because it is virtually the only material that can be used successfully 
as the filament in high-potential tubes. It is used in high-potential 
X-ray tubes, in high-potential rectifier tubes, and in the large power- 
amplifier tubes that are used in radio and communication applications 
It has the disadvantage that the cathode emission efficiency, defined as 
the ratio of the emission current in milliamperes to the heating power in 
watts, is small. Despite this, it can be operated at a sufficiently high 
temperature, between 2G00 aud 2800°K, to provide an adequate emission 
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function material on filaments of tungsten will materially reduce the 
work function of the resulting surface. / A thoriated-tungsten filament 
is obtained by adding a small amount of thorium oxide to the tungsten 
before it is drawn. Such filaments, when properly activated, will yield 
an efficient emitter at about 1800°K. * It is found desirable to carbonize 
such an emitter, since the rate of evaporation of the thorium layer from 
the filament is thus reduced by about a factor of 0. Thoriated-tungsten 
filaments are limited in application to tubes that operate at intermediate 
potentials, say 10,000 volts or less. Higher-potential tubes use pure- 
tungsten filaments.' 

The oxide-coated cathode is very efficient (about twenty times as effi¬ 
cient as tungsten) and provides a high emission current at the relatively 
low temperature of 1000°K. It con¬ 
sists of a metal sleeve of konal (an 
alloy of nickel, cobalt, iron, and tita¬ 
nium) or some other metal, which is 
coated with the oxides of barium 
and strontium. These cathodes are 
limited for a number of reasons to use 
in the lower potential tubes, say 
about 1,000 volts or less, although 
they do operate satisfactorily at 
higher potentials under pulsed condi¬ 
tions at relatively low-duty cycle. 

They are used almost exclusively in 
receiving-type tubes and provide 
efficient operation with long life. 

Curves showing the relative cathode efficiencies of tungsten, thoriated- 
tungsten, and oxide-coated cathodes are illustrated in Fig. 1-1. It will 
be seen that tungsten has a considerably lower efficiency than either of 
the other two emitters. _ - 

The thermionic emitters in their practical form in electron tubes may 

be of the directly heated or filamentary type, or of the indirectly heated 

type, and in the case of gas and vapor tubes the cathode may be of the 

heat-shielded type. Typical filamentary cathodes are illustrated in Fig. 

1-2. These filamentary cathodes may be of the pure-tungsten, thoriated- 
tungsten, or oxide-coated type. 

The indirectly heated cathode for use in vacuum tubes is illustrated in 
F ig. 1-3. The heater wire is contained in a ceramic, insulator which is 
enclosed by the metal sleeve on which the oxide coating is placed. 'A 
cathode assembly of this type has such a high heat capacity that its tem¬ 
perature does not change with the instantaneous variation in heater cur- 



Fig. 1-1. Cathode efficiency curves of 
an oxide-coated, a thoriated-tungsten, 
and a pure-tungsten filament. 
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Fig. 1-2. Typical directly 
heated cathodes. 






Fig. 1-3. Typical indirectly heated 
cathodes. 



Fro i-^ Oifferpnt types of heat-shielded cathodes' {General 
Llectnc Co. and Lowry.) v 



Heat-shielded cathodes, which can be used only in gas-filled electror 
tubes for reasons to be d.scussed in Sec. 1-31, are designed in such a w 

as t0 reduce the radiation of beat energy from the cathode. This m♦ 

rially increases the efficiency of the cathode. Several diffp^w + ate ' 

fitninc-f~ i * ypes ol 
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1-5. Photoelectric Emission. r I he energy that is required to release an 
electron from a metal surface may be supplied by illuminating the surface 
with light. There are certain restrictions on the nature of the surface 
and the frequency of the impinging light for such electron emission to 
take place. That is, electron emission is possible only if the frequency 
of the impinging light exceeds a certain threshold value that depends on 
the work function Ew of the surface 
according to the equation 


/. = 


cE 


(1-3) 


where e is the charge of the electron and 
h is Planck’s constant. The corre¬ 
sponding threshold wavelength beyond 
which photoelectric emission cannot 
take place is given by 



> ch 

A c — —= — 

eb w 


12,400 A 
Ew 


k 

m 




f Wk 3 


(1-4) 


1' ig. 1-5. A typical phototube. 


where A is the angstrom unit (10“ 8 cm). 

For response over the entire visible 
region, 4000 to 8000 A, the work func- mjmjk 
tion of the photosensitive surface must 
be less than 1.54 volts. 

The essential elements of a photo- Km. 1 - 5 . A typical phototube. " 
tube are the photosensitive cathode 

surface and a collecting electrode contained in a glass envelope that either 
is evacuated or contains an inert gas at low pressure. A photograph of 
such a phototube is shown in Fig. 1-5. The number of photoelectrons 

per square millimeter of area of a photocathode is small, and it is custom- 
ary to use photocathodes of large area, as shown. 

The current characteristics of such phototubes for different collecting 
potentials between the cathode and the collecting anode, with light inten¬ 
sity as a parameter, are illustrated. Figure, shows the curves of a 
vacuum phototube with lighUnten-- as a parameter. Note that the 
current reaches near saturat*-,,, values for very low values of applied 


potential. 

The presence in the glar ’ 
ar gon, at low pressure mat 
of characteristic curves foi H 
presence of the gas in a phq b 
the current output • 


nvelope of an inert gas, such as neon or 
dly alters the volt-ampere curves. A set 
cas phototube are given in Fig. 1-7. The 
lube increases the sensitivity of the photo- 
W&iven lj ght intensity increasing with 
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increased plate potential, whereas the output remains sensibly constant 
in the vacuum phototube. 

A significant comparison of the output from two phototubes, one of the 
vacuum type and the other of the gas-tilled type, other characteristics 
of the tubes being the same, is contained in Fig. 1-8. Note that the 



Fig. 1-6. The volt-ampere characteristics of a type PJ-22 vacuum phototube, with 
light intensity as a parameter. 



w 

Fig. 1-7. The volt-ampere characteristics of a type PJ-23 gas-filled phototube, with 
light intensity as a parameter. 
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f ,-Illumination, footcand.es 

Fl j‘ oJ 0t ° C cn re ? t S n a ^^^/Jlluminatior, for a IM-22 vacuum phototube 
and a PJ-23 gas-filled cell. -—- 

photocurrent for the vacuum phototube i i linear function of the illu¬ 
mination, whereas that for the gas-filled (I shows deviations from the 
linear at the higher illuminations. Howibnly, the greater sensitivity of 
the gas-filled cell is clearly evident. |e d< 

1-6. Secondary Emission. It is posslhe - for a particle, either an 
electron or a uositive ion. to stribo n mo^evsurface and transfer all or a 
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electrons. If the energy of the incident particle is sufficiently high, some 
of the internal electrons may he emitted. Several tubes have been 
designed which incorporate secondary-emission surfaces as part of the 
device, and highly sensitive phototubes have such auxiliary elements in 
them. Frequently the secondary emission that exists is of a deleterious 
nature. This matter will be discussed in explaining certain features of 
the characteristics of tetrodes. 

1-7. High Field Emission. T he presence of a very strong electric field 
at the surface of a metal will cause electron emission. Ordinarily the 

tv' 

field in the average electron tube is too small to induce such electron 
emission. This process has been suggested to account for the electron 
emission from a mercury-pool cathode in a mercury rectifier. 

1-8. Ionization. The process in which an atom loses an electron is 
known as ionization. The atom that has lost the electron is called a 
positive ion. The process of ionization may occur in several ways. 

Electron Bombardment. Consider a free electron, which might have 
been released from the envelope or from any of the electrodes within the 
tube by any of the processes discussed above. Suppose that this free 
electron has acquired enough energy from an applied field so that, upon 
collision with a neutral atom, it removes an electron. Following this 
action, two electrons and a positive ion exist. Since there are now two 
electrons available, both may collide with gas particles and thus induce 
further ionization. Such a process as this may become cumulative, with 
consequent large electron release. This process is very important and 
accounts for the successful operation of gas- and vapor-filled rectifier 
tubes. It is also the basis of the gas amplification in gas-filled phototubes. 

Photoelectric Emission. If the gas is exposed to light of the proper 
frequency, then this radiant energy may be absorbed by the atom, with 
resulting electron emission. This process is important in initiating cer¬ 


tain discharges. 

Positive-ion Bombardment. The collision between a positive ion and a 
neutral gas particle may result in electron release, in much the same 
manner as by electron bombardment. This process is very inefficient 
and is usually insignificant in normal gas tubes. 

Thermal Emission. If the temperature of the gas is high enough, some 
electrons may become dislodged from the gas particles. However, the 
gas temperature in (‘lection tubes is generally low, and this process is 
normally unimportant. 


THE HIGH-VACUUM DIODE 


1-9. The Potential Distribution between the Electrodes. Consider a 

herm innin caii L-itnof 

oiima e 



vacuum. 
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irons, most of which have very little energy when they emerge. Those 

electrons which first escape will diffuse throughout the space within the 

envelope. An equilibrium condition will soon be reached when, because 

of the mutual repulsion between electrons, the free electrons in the space 

will prevent any additional electrons from leaving the cathode. The 

equilibrium state will be reached when the space charge of the electron 

cloud produces a strong enough electric field to prevent any subsequent 
emission. 

The inclusion of a collecting plate near the thermionic cathode will 
allow the collection of electrons from the space charge when this plate is 
maintained at a positive potential with respect to the cathode; the higher 
the potential, the higher the current. Of course, if the thermionic emis¬ 
sion is limited, then the maximum current possible is the temperature- 
saturated value. 

In addition to such a simple two-element device, which is the diode, 

grids may be interposed between the cathode and plate. If a single grid 

is interposed, the tube is a triode. If two grids are present, the tube is a 

tetrode; three grids yield a pentode, etc. Details of the characteristics 

and operation of such devices will be considered in some detail in the 
following pages. 

Consider a simple diode consisting of a plane cathode and a collecting 
plate, or anode, which is parallel to it. It is supposed that the cathode 

C f n e , G ^ e an ^ ^ es ^ rec ^ temperature and that the potential between 
the cathode and anode may be set at any desired value. It is desired to 
examine the potential distribution between the tube elements for vari¬ 
ous c a o e tempeiatures and fixed anode-cathode applied potential. 

uppose at t e temperature of the cathode is high enough to allow 
some e ec rons to e emitted. An electron space-charge cloud will be 
orme in e envelope. The density of the electrons and the potential 
a any poin in t e mterelectrode space are related by Poisson’s equation 


d 2 V 


dx 2 


= P 
<o 


(1-5) 


5"" l iS ' he P ° tent i ial “ Volts > P is the magnitude of the electronic- 
charge density in coulombs per cubic meter, and < 0 = 10-/36r is the 

srs °' A MOdy thi ' “*»-» yield significant 

have 1 L!„ PP v e '! th f* the electrons tha t are emitted from the cathode 
have zero initial velocities. Under these conditions, the general char 

acter of the results will have the forms illustrated in Fig 1-7 At the 

emperature r. which is too low for any emission, the potential diftriJu- 

■tion is a linear _r _ ai “^riDU- 


) 
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This follows from Eq. (1-5), since, for zero-charge density, 


dx 1 



or 


dV 

dx 


= const 







This is the equation of a straight line. 

At the higher temperature 7\, the charge density p is not zero. Clearly, 
the anode-cathode potential, which is externally controlled, will be inde¬ 
pendent of the temperature, and all curves must pass through the fixed 


end points. Suppose that the potential 
trated by the curve marked 7Y All 
curves must be concave upward, 
since Eq. (1-5), which may be inter¬ 
preted as a measure of the curvature, 
is positive. A positive curvature 
means that the change in slope dV dx 
between two adjacent points must be 
positive. Moreover, the curvature 
is greater for larger values of p, cor¬ 
responding to the higher tempera¬ 
tures. It is possible to verify that 
the maximum current that can be 


distribution is somewhat as illus- 



Fig. 1-0. The potential distribution be¬ 
tween plane-parallel electrodes, for sev¬ 
eral values of cathode temperature. 


drawn from the diode for a fixed plate 

potential and any temperature is obtained under the condition of zero elec¬ 
tric field at the surface of the cathode. Under these optimum conditions, 


dV 

dx 



at x = 0 


( 1 - 6 ) 


This condition is valid under the assumption of zero initial velocities of 
emission of the electrons* 

^1-10. Equations of Space Charge. An explicit relation between the 
current collected and the potential that is applied between the anode 
and cathode is possible. In general/the current density is a measure 
of the rate at which the electrons pass through unit area per unit time 
in the direction of the field. If v denotes the drift velocity in meters per 
second, N is the electron density in electrons per cubic meter, and e is 
the electronic charge in coulombs, then the current density in amperes 
per square meter is 

J = Nev — pv (1-7) 

Also, neglecting the initial velocity, the velocity of the electron at any 
point in the interelectrode space is related to the potential through which 
it has fallen by the following expression, which is based on the conserva- 
__ tion of energy: 
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d 2 V 

dx 2 


jV-v* 


e 0 


(2 e/m) 




(1-9.) 


This is a differential equation in V as a function of x. The solution of it 
is given by 


J = 


e o 


2.25 




m x 2 


amp/m 2 


( 1 - 10 ) 


lor electrons, and in terms of the boundary conditions V = E b at the 
anode, there results 

E b * 


J = 2.33 X 10- 6 


d 2 


amp/m 2 


d-11) 


This equation is known as the Langmuir-Childs , or three-halves-power 
law. It relates the current density, and so the current, with the applied 

potential and the geometry of the 
• % « _ 



Space charge 
limited 


Temperature 
limited 


Fig. 1-10. The volt-ampere characteris¬ 
tics of a typical diode. 


tube. It shows that the space 
charge current is independent of the 
temperature and the work function 
of the cathode. Thus, no matter 
how many electrons a cathode may 
be able to supply, the geometry of 
the tube and the applied potential 
will determine the maximum cur¬ 
rent that can be collected by the 
anode. If the electron supply from 


, i , , . # v ii mill 

the cathode is restricted, the current may be less than the value predicted 
inVig 1 10 6 COnc ^ ons are som ewhat as represented graphically 

Tor the case of a tube that possesses cylindrical symmetry, a similar 

ana ysis is possi e. he results of such a calculation lead to the follow¬ 
ing expression for the current, 

h = 14.6 X 10- i ^ amp (l-i 2) 

where I is the active length of the tube and p is a quantity that is deter- 

mined from the ratio rjr k the ratio nf , 

.. , c 0 a/ ine rauo ot anode to cathode radius. For 

ratios r„/r t of 8 or more, ^ may be taken as unity ( 

fhr A eS l0n iS Called f t0 L the , faCt that the P' ate current depend upon the 

ato for a" dfod? r ■ ? FT™ ^ the P lane -P a ^ diode and 

also lor a diode possessing cylindrical symmetry. This is a eeneral 
relat.onshr p^and it is possible to demonstrate that an expression of the 
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restrictions as imposed in the above developments are true. The specific 
value of the constant k that exists in this expression cannot be analytically 
determined unless the geometry of the system is specified. 

% The dependence of the current on the potential for any tube mav be 
determined by plotting the results obtained experimentally on a loga¬ 
rithmic scale. Theoretically one should find, if the expression h = kFv* 
is valid, that 

logio h = log 10 h + ^ 2 logio Kb (I-13) 

Ihe logarithmic plots for three commercial tubes are shown in Fig. 1 - 11 . 
The type 10 tube is a triode and was converted into a diode by connecting 


2.4 

~ 2.0 
C 

E ol.6 

cy* 

-2 12 

K t 0 - 8 

10.4 


type /O 
Th.lV-/. j 


type 8! 
Oxide-1.4 


Type FP8: 
W - /J 


3.0 


0 0.5 1.0 1.5 2.0 2.5 ' 3.0 

log, 0 £^( logio volts) 

FlG ; 1-1 *• Experimental results to verify the three-halves-power law for tubes with 
oxide-coated, thoriated-tungsten, and pure-tungsten filaments. 

grid and plate together. The other tubes are diodes. It will be observed 
that the logarithmic plots are straight lines, although the slopes of these 
lines are all slightly less than the theoretical 1.5. ’ 

1-11. Rating of Vacuum Diodes. The current and potential ratings of 
a diode, i.e. the maximum current that the tube may carry and the maxi¬ 
mum potential difference that may be applied between anode and cath- 
ode, are influenced by a number of factors. 

!; t A lim JF S S f t0 the tube current b y the cathode efficiency of the 
:“t is JptLffi a gIVeVnPUt P ° Wer t0 the a “m 

of 2 t , is a TTT te “P et 'ature limit to which the glass envelope 

wffich the t Safd f f ll0Wed t0 rise ‘ Thls ^ the temperature to 

Io?, tbe tube '7 rais * d < ur “‘g the outgassing process. This is about 

tures the h S \ l u G00 ° C f ° r Pyrex ' For h igh« tempera- 

tures, the gases absorbed by the glass walls may be liberated. Owing 

to this limitation, glass bulbs are seldom used for vacuum tubes of more 
than about 1 kw capacity. 

3 A very important limitation is set by the temperature to which the 

e j ma ? r ris . 6 ' . In adciitl0n t0 the fraction of the heat radiated bv the 
^ ode that i s intercepted by the anode, the anode is also heated by 


14 ELECTRON-TUBE CIRCUITS [Chap. 1 

the energy carried by the anode current. The instantaneous power 
carried by the anode current and supplied to the anode is given by e b i b , 
where e b is the anode-cathode potential and i b is the anode current. The 
temperature to which the anode rises will depend upon the area of the 
anode and the material of its construction. 



I ig. 1-12. Photographs of two transmitting tubes. (RCA Mfg. Co.) 


I he most common metals used for anodes are nickel and iron for 
receiving tubes and tantalum, molybdenum, and graphite for transmit¬ 
ting tubes. The surfaces are often roughened or blackened in order to 
increase the thermal emissivity. The anodes of many transmitting tubes 
may be operated at a cherry-red heat without excessive gas emission. 
T o allow for forced cooling of the anode, cooling coils may be provided or 
the tube may be immersed in oil. The newer types of transmitting tubes 
are frequently provided with radiator fins for forced-air cooling. Two 
different types of transmitting tubes are illustrated in Fig 1-12 

4, The potential limitation of a high-vacuum diode is also dependent 
on the type of its construction. If the filament and anode leads are 
brought out si de by side through the same g lass press, some conduction 
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may take place between these leads through the glass. This effect is 
particularly marked if the glass is hot, and the resulting electrolysis will 
cause the glass to deteriorate and eventually to leak. The highest poten¬ 
tial permissible between adjacent leads in glass depends upon the spac¬ 
ing and upon the type of glass but is generally kept below 1,000 volts. 
Higher-potential tubes are usually provided with filament leads at one 
end of the glass envelope, with the anode at the other end. 

The glass envelope must be long enough so that flashover on the out¬ 
side of the tube will not occur. % In a diode as a rectifier, no current will 
exist during the time that the anode is negative with respect to the cath¬ 
ode. The maximum safe rating of a rectifying diode is known as the 
peak-inverse-potential rating. ' 

Commercial vacuum diodes are made which will rectify current at high 
potential, up to 200.000 volts. Such units are used with X-ray equip¬ 
ment, with high-potential cable-testing equipment, and with the high- 
potential equipment for nuclear-physics research. The dimensions and 
shape of the glass envelope will depend upon the current capacity of the 
tube and the type of cooling to be used, oil-cooled tubes being generally 
smaller than air-cooled types. 


THE TRIODE 




t < v 


1-12. The Grid. The introduction of a third element beiween the 
cathode and plate of the diode by DeForest in 1907 was the start of 
the extensive developments involving vacuum tubes. This new elec¬ 
trode, called the control grid , consists of a wire mesh, or screen which 
surrounds the catEode and is situated close to it; The potential ’applied 
to the grid in such a tube is usually several volts negative relative to the 
cathode, whereas the plate is usually maintained several hundred volts 
positive with respect to the cathode/ Clearly, the electric field resulting 
from the potential of the grid tends to maintain a large space-charge 
cloud, whereas the field of the plate tends to reduce the space charge 
However, owing to its proximity to the cathode, a given potential on the. 
grid will exercise a greater effect on the space charge than the same poten¬ 
tial on the plate. This would seem to imply that a proportionality should 
exist between the relative effectiveness of the grid and plate potentials 

on the space charge and that the plate current might be represented 
approximately by the equation 


ib - k = k'( M e c + e t )« (1-14J 

where e b is the plate-cathode potential, e c is the grid-cathode potential 
and the factor u : — *- - f ji - * • * • » • ■ * - ’ 




e re 
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ness on the tube current./ The factor p is known as the amplification 
factor of the grid/ 

The validity of Eq. (1-14), which is simply a natural extension of the 
t h ree-h a 1 ves-power space-charge equation of the diode, has been verified 
experimentally for many triodes. No simple, rigorous theoretical deri¬ 
vation of this equation is possible, even for a triode of relatively simple 
geometry. However, the value of the amplification factor M can be calcu¬ 
lated with a fair degree of accuracy from equations that are based on 
electrostatic considerations. 

A y maintaining the grid at some negative potential with respect to the 

cathode, it will repel electrons and 
will, in part, neutralize the attrac¬ 
tive field of the anode, thus reduc¬ 
ing t he anode current. If the grid 
potential is made positive, the elec¬ 
tron stream will increase because 
of the combined action^of both the 
grid and the plate potentials. 
Rut, with a positive potential on 
the grid, some of the space charge 
will be attracted to it, and a cur¬ 
rent in the grid will resuly The 
giid structure must be designed to dissipate the grid power if the grid 
potential is to be maintained positive; otherwise the grid structure may be 
seriously damaged. Generally the grid is maintained negative, although 
positive-grid triodes for power-amplifier applications are available. 

The \aiiations of the plate and grid currents with variations of grid 
potential are illustrated in Fig. 1-13. In this diagram, the plate poten¬ 
tial is maintained constant. For sufficiently negative grid potential, 
cutoff of the plate current occurs. As the grid potential is made less 
negative, the plate current follows a smooth curve, the variation being 
expressed analytically by Eq. (1-14). Si-the grid potential is made posi¬ 
tive, grid cui rent flow s, the magnitude of this current increasing rapidly 
with increasing grid potential^ 

I'oi posithe grid potentials, and with the consequent grid current, 
Eq. (1-14) no longer represents the plate current, although it does give 

current. With increasing ^rid 

potentials, the grid current increases, andjthe^Ute current decreases 

1-13. Triode Parameters. In view of Eq. (1-14)^dependence of 

the plate current on the plate and grid potentials may be represented 
functionally by the expression 


Fig. 1-13. Total space, plate, and grid cur¬ 
rent in a triode, as a function grid 
potential, with fixed plate potential. 
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Of course the plate current also depends upon the heater temperature, 
but as the heater current is usually maintained at rated value (this is 
such as to provide perhaps five to ten times the normal required current), 
this term usually does not enter into the functional relationship. If Eq. 
(1-15) is plotted on a three-dimensional system of axes, a space diagram 
representing the function /( i b ,eb,e c ) = 0 is obtained. The projections of 



Fig. 1-14. The plate characteristics Fig. 1-15. The transfer charneteris- 
of a triode. tics of a triode. 


these surfaces on the three coordinate planes give three families of char¬ 
acteristic curves. These curves are given in Figs. 1-14 to 1-16. 

The curves of Fig. 1-14 are known as the plate characteristics since they 
show the variation of the plate current with plate potential for various 
values of grid bias/ The main effect of making the grid more negative is 
to shift the curves to the right, without changing the slopes appreciably. 
This is in accord with what would be expected from consideration of 
Eq. (1-14). 

Mf the grid potential is made the independent variable, the mutual , or 
transfer , characteristics of Fig. 1-15 re¬ 
sult. The effect of making the plate 
potential less positive is to shift the curves 
to the right, the slopes again remaining 
substantially unchanged.) 

The simultaneous variation of both the 
plate and the grid potentials so that the 
plate current remains constant gives rise 



to a third group of characteristics illus¬ 
trated in Fig. 1-16. These show the 


Fig. 1-16. The constant-current 
characteristics of a triode. 


relative effects of the plate and grid potentials on the plate current of the 

tube. / But from the discussion of Sec. 1-12 it is the amplification factor 

that relates these two effects. Consequently, the amplification factor is 

defined as the ratio of the change in plate potential to the change in grid 

potential for a constant plate current. Mathematically, ^ is given by 
the relation 
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( 1 - 16 ) 



The negative sign takes account of the fact that a decreasing grid poten¬ 
tial must accompany an increasing plate potential, if the plate current is 
to remain unchanged. 

Consider the variation in the plate current. This is obtained by 

expanding Eq. (1-15) in a Taylor’s expansion. But it is here assumed 

that the variation is small and that it is adequately represented by the 

first two terms of the expansion. Subject to this limitation the expres- 
si on has the form 



This expression indicates simply that changes both in the plate potential 
Aci, and in the grid potential Ae r will cause changes in the plate current. 

The quantity {de b /di b ) Kt expresses the ratio of an increment of plate 
potential to the corresponding increment of plate current, for constant E c . 
This ratio has the units of resistance, is known as the plate resistance of 
the tube, and is designated by the symbol r p . Clearly, r„ is the slope 
of the plate characteristics of Fig. 1-14 and has been so indicated there. 

The quantity ( di b /de c ) E „ which gives the ratio of an increment of plate 
current to the corresponding increment of grid potential for constant 
plate potential E b , has units of conductance. It is known as the plate- 
grid, transconductance, or mutual conductance, and is designated by the 
symbol g The mutual conductance g m is the slope of the mutual- or 

transfer-characteristic curves of Fig. 1-15. 

To summarize, the triode coefficients have the forms 


(S),. ■ r - 
(£),. - - 



It is easy to show that p is related to 


plate resistance 

mutual conductance (1-18) 

amplification factor 

/ 

r p and g m by the expression 


J pym 


U-iyj 


This is obtained by setting Ai b = 0 in PV, n i 7 \ . 

definitions of Eq. (1-18). * Eq ' (1_17) and then usln S the 

“1. ° b .'* r6 *° Wn - ** I* » th,, the „l.te 
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current, and approaches a constant value at the higher plate currents. 
The transconductance varies from a very small value at zero plate cur¬ 
rent and tends toward a constant value at the higher plate currents. 
The amplification factor remains reasonably constant over a wide range 
of currents, although it falls off rapidly at the low currents. The cor- 
'f responding values for other values of Eb may differ numerically, but the 
general variations will be similar./ 


! 


I 


e 


0 

* 



Fig. 1-17. The parameters /z, r p , and g m of a 12AT7 triode 
current. 



as a function of plate 


High-power triodes are used extensively in transmitters. The grid of 
such a tube is driven positive with respect to the cathode during part 
of the cycle, and the current is cut off during part of the cycle. The 
important characteristics of such tubes are the plate curves and the 
constant-current curves. The variations over normal operating limits 
^ are as illustrated in Figs. 1-18 and 1-19 for a type 889A tube. 

4 


\ MULTIELECTRODE TUBES 

Tetrodes. In the tetrode a fourth electrode is interposed 
between the grid and the plate. This new electrode is known as the 
v screen grid , or grid 2, in order to distinguish it from the “control” grid 
of the triodei ' Physically, it almost entirely encloses the plate. Because 
_ design and disposition, the screen grid affords very complete elec- 
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Fig. 1-18. The plate characteristics of a type 889A power triode. 
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trostatic shielding between the plate and the control grid. * This shield¬ 
ing is such that the grid-plate capacitance is reduced by a factor of about 
1,000 or more. , However, the screen mesh does not interfere appreciably 
with the electron flow. The reduction of the grid-plate capacitance is a 

very important improvement over the triode, and this matter will be 
considered in some detail in Chap. 2.' 

• (Because of the electrostatic shielding of the plate by the screen, the 
potential of the plate has almost no effect in producing an electric field 
at the cathode. Since the total space current is determined almost 
wholly by the field near the cathode surface, the plate exerts little or no 
effect on the total space charge drawn from the cathode. 'There is, 
t here!ore, a significant difference between the triode and the tetrode. In 
a triode, the plate performs two distinct functions, that of controlling the 
total space current, and that of collecting the plate current. In a tet¬ 
rode, the plate serves only to collect those electrons which have passed 
through the screen :) 


• 1 he passive character of the plate makes the tetrode a much better 

potential amplifier than the triode. This follows from the fact that in the 

triode with a resistance load an increase in load current is accompanied 

)> a c e( leased plate-cathode potential, which results in a decreased space 

current. In the tetrode, the decreased plate-cathode potential still exists, 

I 1 ™ 1 ? to secondary role of the plate the space current is not mate¬ 
rially affected/ 


•n >Vw^ ° s ° n ^ ^e cathode and the control grid is nearly the same 

» . G . e ^ ro e an d the triode, and therefore the grid-plate trans- 

'Ti \ U i Ctance . 1S . nearly the same in both tubes. Also, the plate resistance 

lows fro ' r ?f e ? C f ° n u dCrably higher tha ” that the triode. This fol- 
■ . 10 a ?. 1 at the plate potential has very little effect on the 

plate current. 1 hus, with the high plate resistance and with a g that is 

about the same as for the triode, the 



Fig. 1-20. Curves of total space current 
plate current, and screen current in a 
tetrode. 


tetrode amplification factor is v^ery 
high£ 

1^15. Tetrode Characteristics. 

In the tetrode with fixed control- 
grid and screen-grid potentials, the 
total space current is practically 
constant. Hence, that portion of 
the space current which is not col¬ 
lected by the plate must be collected 


bv the soronn • wUrn iUr, 1 * lxie Plate must be collected 

-S? '"'TV 8 lar ^ e > the scr een current must be 

inH 1-20 86 aCtW ° f the results is ‘hustrated 

Although the nl ate potential doe s n... __^, , 

" ~ current, to a 
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very great extent (although a slight effect is noted in tie* curve at the 
lower plate potentials), it does determine the division of the space current 
between plate and screen. At zero plate potential, few of the electrons 
have sufficient energy to reach the anode, and the plate current should he 
small. As the plate potential is increased, a rapid rise occurs in the plate 
current, with a corresponding reduction ot the screen current. When the 
plate potential is larger than the screen potential, the plate collects 
almost the entire space current and the screen current approaches zero 
or a very small value. 

An inspection of the curves of Fig. 1-20 shows that the plate current 
rises very rapidly with increasing plate potential, but this increase is fol¬ 
lowed by a region in which the plate current decreases with increasing 
plate potential. This region is one of negative plate resistance, since an 
increasing plate potential is accompanied by a decreasing plate current. 
The kinks, or folds, in the curves are caused by the emission of electrons 
from the plate by the process of secondary emission^/ This results from 
the impact of the primary electrons with the plate. That is, secondary 
electrons will be released from the anode, and if this is the electrode with 
the highest positive potential, the electrons will be collected by the anode, 
without any noticeable effect. If, however, secondary electrons are liber¬ 
ated from the anode, and if these electrons are collected by some other 
electrode, then the anode current will decrease, whereas the current t<. 
the collecting electrode will increase. It is this latter situation which 
exists in the tetrode when the plate potential is low and the screen is at 
a high potential. 

When the plate potential is higher than the screen potential, the sec¬ 
ondary electrons from the plate are drawn back, without appreciable 
effect. If under these potential conditions 
secondary electrons are liberated from the 
screen, these will be collected by the anode. 

The corresponding plate current will be 
greatlei* than that in the absence of sec¬ 
ondary emission from the screen. 

1-116. Transfer Characteristics. Since 
the pJ-Vite of a tetrode has no appreciable 
influerPce on the space current, it is ex- 
Pectecll that the cathode, the control grid, 
and tlfte screen grid should possess charac¬ 
teristics not unlike those of a triode. This 
is actu?V^y the case, as illustrated in Fig. 





Ec2 -fixed 


Fig. 1-21. The transfer character¬ 
istics of a tetrode, for a fixed 
screen potential, and with the 
plate potential as a parameter. 


1-21. ’t\rhese curves show the effect of variations of plate potential oh 
plate c\'*T rent « f° r fixed E c2 . Because of the slight influence of the plate 


70 
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pared with those of the triode in Fig. 1-15, where the transfer curves are 
widely separated. 

The transfer curves become separated for plate potentials below the 
screen potential, and this is the region of operation which is generally 
avoided in practice. In fact the transfer characteristic for E b = 100 volts 
actually falls below that for E b = 50 volts. This anomalous behavior 
is directly the result of the secondary-emission effects discussed above. 

1-17. Tube Parameters. It is expected, on the basis of the foregoing 
discussion, that the plate current may be expressed as a function of the 
potential of the various electrodes by an expression of the form 


4 = f(c b ,e c i,e c2 ) (1-20) 

where e cl is the potential of the first, or control, grid, e c2 is the potential of 
the second, or screen, grid, and e b is the potential of the plate, all with 
respect to the cathode. This functional relationship is just a natural 
extension of that which applies for triodes. In fact, an approximate 
explicit form of the dependence is possible. This form, which is an 
extension of Eq. (1-14), may be written as 


ib = A* 


, Cb . e c2 
Cc\ H-1- 

Ml M2 


94 


( 1 - 21 ) 



where /xi and n 2 arc the control-grid and screen-grid amplification factors, 
respectively. 

The variation in the plate current, second- and higher-order terms in 
the Taylor expansion being neglected, is given by 


At 


; b = /chA 

\ dc b/B el .Eet 


Ae b -f 


(!r) ^ + (£) 

\?e c \/e h ,E ti \oe C 2/E b ,E el 


Ae c2 (1-22) 


Generally, the screen potential is maintained constant at some appro¬ 
priate value, and hence Ae c2 = 0. The third term in the expansion may 
be omitted under these conditions. The partial-differential coefficients 


appearing in this expression furnish the basis for the definitions c,f the 
tube parameters. These are s 


( _ 

\d? 6 /E eI .E rt 


plate resistance 


k 




\J 



\dCc\/ E,,.F ct 


g,i mutual conductance 




1-23) 


- ( dc - b ) - 
\dc c i/r h .E ei 


amplification factor 




1 


ft 


The two subscripts associated With each term indicate the par/ peters 
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be shown that here too the relation p — r P Q m is valid. Nominal values 
for the various parameters that appear in this relationship are r p — Kb 
to 2 X lOSohms, g m = 500 to 3,000 /iinhos, and p = 100 to 1.200. 

T-18-^drentodes. Although the insertion of the screen grid between (he 
control grid and the anode in a triode serves to isolate the plate circuit 
from the grid circuit, the range of operation of the tube is limited owing 
to the effects of secondarv emission. This limitation results from the 
tact that, if the plate-potential swing is made too large, the instantaneous 
plate potential may extend into the region of rapidly falling plate current, 
with a resulting marked distortion in the output. 

The kinks, or folds, that appear in the plate-characteristic curves and 
that limit the range of operation of the tetrode may he removed bv 
inserting a coarse suppressor-grid structure between the screen grid and 




when connected as a tetrode and as a 
pentode. 


Fi<i. 1-23. The transfer curves 
of a pentode for fixed screen 
potential and with the plate 
potential as a parameter. 


the plate of the tetrode. Tubes that are provided with this extra grid are 
known as pentodes. The suppressor grid must be maintained at a lower 
potential than the instantaneous potential reached by the plate at any 
time in its potential excursions. Usually the suppressor is connected to 
the cathode, either externally or internally. Now since both the screen 
and the anode are positive with respect to the suppressor grid, secondary 
electrons from either electrode will be returned to the emitting electrode. 
The main electron stream will not be materially affected by the presence 
of the suppressor grid. The effects of the insertion of the suppressor grid 
are shown graphically in Fig. 1-22. 

The pentode has displaced the tetrode in radio-frequency (r-f) potential 
amplifiers, because it permits a somewhat higher potential amplification 
at moderate values of plate potential. Likewise it permits a greater 
plate-potential excursion without distortion. Tetrodes are used exten¬ 
sively in high-power tuned amplifiers. 

The transfer curves of a pentode are shown in Fig. 1-23. It is noted 
that the curves are almost independent of the plate potential. 

1-19. Remote-cutoff Tubes. If in a pentode the grid-cathode spacing, 

betw een grid wires, or the diameter of the grid wires is not 
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uniform along the entire length of the control-grid structure, the various 
portions of the grid will possess different degrees of electrostatic control 
over the plate current. That is, one portion of the grid may cause elec¬ 
tron-flow cutoff, whereas an appreciable current might pass through a 
more widely spaced section of the grid. As a result, the plate-current 
control by the grid is considerably less effective than in a conventional 
pentode. The general character of the results is illustrated in Fig. 1-24. 
Owing to its construction, a given grid-potential increment results in a 
plate-current change that is a function of the bias. This means that the 
mutual conductance is a function of the bias. For this reason, these 



GSJ7 sharp-cutoff pentode and a beam power tube and a power pentode. 
()SK7 remote-cutoff pentode. 


tubes are called variable-mu tubes. They are also known as remote-cutoff 
and supercontrol tubes. They have applications in radio receivers and 
may be used in frequency-modulation (f-m) transmitters. Some appli¬ 
cations will be considered in later chapters. 

1-20. Hexodes, Heptodes. A number of special-purpose tubes con¬ 
taining more grid elements than the pentode are used extensively. These 
tubes possess a wide variety of characteristics, depending upon the grids 
to which fixed potentials are applied and those to which signals might be 
applied. These tubes are used extensively as converters in superhetero¬ 
dyne recei\eis and in f-m transmitters and other applications. 

1-21. Beam Power Tubes. The suppressor grid is introduced into the 
pentode in order to extend the range of operation of these tubes beyond 
that of the tetrode, these tubes are quite satisfactory over wide limits, 
and the range of operation is limited when the instantaneous plate poten¬ 
tial falls to the rapidly falling plate-current region at low potentials. 
This rapid change in plate current for small changes in plate potential 
in the region of low plate potential results from the overeffectiveness of 
^he suppressor grid at these low plate potentials. 

Because of this, the shape of the suppressor grid in some modern pen¬ 
todes has been so dimensioned that the effects of secondary emission are 
just suppressed or only admitted slightly at the low anode potentials. 
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This results in an improved plate characteristic and is manifested by a 
sharper break in the plate characteristic. 

The pentode and tetrode beam power tubes were designed with these 
considerations specifically in mind, and a plate characteristic is illus¬ 
trated in Fig. 1-25. It will be noted that the plate current remains inde¬ 
pendent of plate potential to a lower relative value in the beam power 
tube than in the power pentode. The essential features of the beam 
power tube are illustrated in the schematic view of Fig. 1-20. One fea¬ 
ture of the design of this tube is that each spiral turn of the screen is 



PLATE 


SCREEN 


BEAM- 

CONFINING 

ELECTRODE 


CATHODE 


GRID 


Fig. 1-2G. Schematic view of the shapes and arrangements of the electrodes in a bean 
power tube. (RCA Mfg. Co.) 

aligned with a spiral turn of the control grid. This serves to keep 
the screen current small and hence leaves the plate current virtually 
unchanged. Other features are the flattened cathode, the beam-form¬ 
ing side plates (maintained at zero potential), the shape of the plate, the 
curvature of the grids, and the spacing of the various elements. As a 
result of these design characteristics, the electrons flow between the grid 
wires toward the plate in sheets, or beams. 

The region between the screen and the plate possesses features which 
are somewhat analogous to those which exist in the space-charge-limited 
diode. That is, there is a flow of charge between two electrodes. How¬ 
ever, the electrons, when they enter this region do so with an appreciable 
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have to be modified to take account of the initial velocity. If this is 
done, it is found that a potential minimum will exist in the region between 
the two electrodes. This potential minimum acts as a virtual suppressor 
grid, and any secondary electrons that are emitted from either the plate 
or the screen are returned to the emitting electrode. 

The actual potential distribution in the screen-plate region will depend 
on the instantaneous plate potential and the plate current, for a constant 
screen potential. The resulting variable suppressor action proves to be 
superior to that possible with a mechanical grid structure, as illustrated. 


SEMICONDUCTOR DEVICES 2 


' 1-22. Intrinsic Semiconductors. X-ray and other studies reveal that 
most metals are crystalline in structure and consist of a space array of 
atoms or molecules (strictly speaking, ions) built up by regular repetition 
in three dimensions of some fundamental structural unit. In the cajse of 
the high-conductivity metals, the atoms are so close together that the 
electrons in the outer shells of the atom are associated with one atom 
as much as with its neighbor. As a result, the force of attachment of 
an outer electron with any individual atom is practically zero. Depend¬ 
ing on the metal, at least one but sometimes two and, in a few cases, 
three electrons per atom are free to move throughout the body of the 
metal under the action of applied forces. As a result, a metal is pictured 
as ah array of ions buried in a sea of electrons, which are essentially free. 

lor the case of extremely pure germanium and silicon, the situation is 
diffeient from that of the high-conductivity metals. Here too the struc¬ 
ture is crystalline, but at low temperatures the electrons are aJ^strongly 
bound to the atoms, with very little conduction possible. With increas¬ 
ing temperature, more and more electrons become available for conduc¬ 
tion. To examine the situation, consider the crystalline structure of 
geimanium and silicon, which is the same as that of crystalline carbon 
(diamond). In this crystalline form each atom is situated at the corner 
of a regular tetrahedron, the crystal being held together by “electron- 
pair, oi covalent, bonds. That is, each atom forms an electron-pair 
bond with four other surrounding atoms to form the crystalline struc¬ 
ture, the resultant structure being electrically neutral and very stable. 

A schematic two-dimensional representation of the system is shown in 
Fig. 1-27. J 

In the diagram, each circle marked +4 is intended to represent the ion, 
consisting of the nucleus surrounded by its cloud of tightly bound elec¬ 
trons, with a resultant charge of four positive units. The four outer 
electrons make up the electron-pair bonds. Since in this structure every 

i\rrUi]^r - 
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release an electron from its bond in the structure. The amount of energy 
needed to release an electron from its bond is found to be 0.76 ev for 
germanium, 1.2 ev for silicon 4 _aiid 7. ev..for diamond. It is extremely 
difficult to supply large energies to internal electrons (remember that it 
required a temperatu re of 2 600 to 2800 s K to provi de the 4.5 ev to the 
free electrons of tungsten to effect their release through the potential wall 
at the surface of the metal). However, the requisite energies for ger¬ 
manium and silicon are available thermally at room temperature; so it is 



Fig. 1-27. A two-dimensional representation of the crystalline structure of diamond, 
showing th* electron-pair bonds. 


assumed that some few valence electrons have been released from their 
bonds. When an electron is released from its bond, it constitutes a 
localized negative charge and may move through the lattice of the crystal 
under the influence of an applied force. Since this electron may not be 
required to complete a bond in its immediate vicinity, it is an “excess” 
electron. 

Whenever a valence electron is released from its bond, the resultant 
ion is positively charged. This positive charge may also move through 
the crystal from atom to atom by the process of an electron from a 
neighboring bond completing the deficient bond of one ion, leaving behind 
its own positive ion. Essentially, a transfer of charge from atom to atom 
takes places as the positive charge (or hole) migrates. With the appli¬ 
cation of an electric field, the motion of these “ holes” becomes systematic, 
and they drift in the general direction determined by the field, ft has 

toles as “positiv^charges,” somewhat 
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like positive electrons, but because of their different drift characteristics 
in a field, their effective mass is different from the mass of the electron. 

It thus appears that in such “intrinsic” semiconductors as germanium 
and silicon (the name stems from the fact that the conduction is an 
intrinsic property of the pure material): 

1. Conduction may take place at ordinary temperatures by free (or 

conduction) electrons and by holes. # 

2. Equal numbeis of electrons and holes exist, since in freeing an elec¬ 
tron a hole is produced. 

3. Free electrons and holes may exist for appreciable times, owing to 
the appreciable lifetime before recombination occurs between electrons 
and holes. The lifetime depends on the purity of the material, with 
values in the range from 100 to 1,000 //sec being common. 

current is the sum of the electron and the 
hole currents, since they drift in opposite directions owing to the opposite 
charges when in a given electric field. 

The conductivity of semiconductors exhibits quite different properties 
from that of metals. For metals, the electrical conductivity decreases 
with increasing temperature. Also, the conductivity increases with puri¬ 
fication. I he behavior of the conductivity of a semiconductor is strik- 
ingly different from that of the metal. These substances show low 
conductivity at low temperatures, and the conductivity increases as the 
temperature is raised. The conductivity reaches a maximum, decreases 
again, and finally increases a second time and much more sharply when a 
higher temperature is reached. This behavior can be completely under¬ 
stood on the assumption that the number of carriers in these substances 
is dependent on the temperature. . 

1 23. Impurity, or Extrinsic, Semiconductors.* The intrinsic semi- 

r\T° I1SOf ' Cl ^ dm ‘ ,e( l practical importance, owing to the lack of 
flexibility in its conduction characteristics. The introduction of certain 

impuii les into puie silicon ^>r puce' germanium may be used to produce 

con ue im y j excess elect refits or by holes. In this way it is possible 

o rica e impurity semiconductors which possess desirable characteristics. 

Consider that an impurity such as arsenic, which has five valence 

electrons, is added to pure silicon or pure germanium. This atom will 

displace one of the silicon atoms from its regular site in the crystal 

' t and f ° ur of its valence electrons will form electron-pair bonds 
with its neighbors This leaves the fifth valence electron, which becomes 
very loosely bound to the arsenic ion. In the case of silicon and arsenic, 
hermal agitation at room temperature is sufficient to destroy the bond 

Conduct? I- 11 ' 0 ”’ and * iS t0 Wander ab ° u ‘ “ the crystal. 

impmHv ? m a CaS6 - 1S re , er ; ed t0 aS “ excess ” conduction, and the 
purity semiconductor is called an “n-tvne” (negative) semiconductor 
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The impurity may he any of a number of five-valence-electron systems, 

including arsenic, phosphorus, or antimony. 

Consider now the ease when the impurity that is introduced is trivalent, 
such as boron or aluminum. Again the impurity atom replaces one of 
the parent atoms in the crystal, but owing to the lack of sulficient elec¬ 
trons, one of the covalent bonds is not completed, and a hole is created 
in that particular bond. This bond can be completed by an electron 
from an adjacent atom, but the hole has then migrated to the ion from 
which the electron came. Thus the hole drifts from atom to atom, while 
the impurity atom becomes an immobile, localized negative charge. A 
semiconductor that conducts principally because ot the presence ot holes 
is called a “p-type” (positive) semiconductor. The process of conduc¬ 
tion iu this case is also called “deficit ” conduction. 

1^4. The 7 o-n Junction. The p-n junction and the consequent p-n 
junction transistor are of considerable practical importance, since the 
p-n junction transistor has widespread applications. 


A successful p-n junction occurs when a piece of germanium or silicon 
has a variable concentration of p- and n-type centers so that a transition 
occurs from p type to n type in a continuous solid specimen. In the 
p-type region at room temperature, the semiconductor is neutral in charge 
at all points. -That is, the number of free holes moving about is just 
balanced by the number of negatively charged impurity ions. Similarly, 
in the n-type region, the number of free electrons is just balanced by the 
number of ionized impurity ions. Now consider the transition region, 
which may be thought of as being caused by the gradual increase in the 
number of donor ions over the number of acceptor ions. A charge situ¬ 
ated in this transition region will be acted upon by two fields, the electric 
field of the acceptor ions and the field of the positively charged donor ions. 
Both of these fields produce a force on the charge in the same directioiV 
Thus any charge located in the transition region tends to be swept out 


of the region by the space-charge field. Under equilibrium conditions, 
holes and electrons move in both directions. That is, some of the holes 
in the p-type material acquire enough energy from thermal excitation of 


the lattice ions to overcome the potential energy through the transition 
region and to diffuse into the n region. Once in this region, they will 
combine with electrons. Similarly, holes which are thermally generated 
in the n region, as members of hole-electron pairs, will diffuse through 
the transition region into the p region. These hole currents balance each 
other. In a similar way, electron currents move in both directions across 
the transition region. The electron currents also balance each other. 
That is, in the open-circuited bar, the total current is zero, with the hole 
currents and the free-electron currents also reducing separately to zero. 
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Suppose now that the p-n bar is biased by an external battery, with 
the polarity positive at the n region and negative to the p region. The 
battery is now biasing the junction in the reverse direction. The situ¬ 
ation corresponding to that in Fig. 1-28 is now that illustrated in Fig. 
1-29. The hole current from the p region into the n region and the elec¬ 
tron current from the n region into the p region practically vanish. The 
hole current in the reverse direction, from the n region into the p region 



through the transition region, remains substantially as for the equilibrium 

state and, in fact, is substantially unaffected by the applied potential. 

The hole current saturates and reaches a limiting value as the reverse 

potential is increased. A curve showing the theoretical current-potential 
variation foi the p-n junction is given in Fig 1-30 

Consider the situation when the p-n bar is biased in the forward direc¬ 
tion. A relatively large hole current flows from the p region to the 

n region through the transition region. Electrons will flow in the opposite 

direction. There will, therefore Kp a H , 

o , r . , x A , ’ De a lar g e resulting current flow, and so 

are m.„ y more hole, than electrons, 

itl n fS rs for , m i hoi “- The ^ 

U L in F^l-sT for 

1-26. The Junction Transistor. The curves of Fig. 1-30 show that at 

room temperature a reverse-biased p-n junction can Sustain only I smail 
saturation current, even under mod —- 1 ’ y 
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Fig. 1-29. A p-n junction biased in the reverse direction by a few tenths of a volt or 


more. 
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Fig. 1-30. Theoretical current-potential curves for a p-n junction. 
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in the foregoing section, this situation results because the supply of holes 
from the n-type material and the supply of electrons from the p-type 
material are both limited. It would therefore appear that, if one could 
arrange to increase and decrease the reverse saturation current in a con¬ 
trolled manner with some current gain, an amplifying device would result. 
What is required therefore is a means for providing in a controlled way 
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Fig. 1-31. A p-n junction biased in the forward direction 




fpflnsiltnr mat *° < \* l !5 raxn of the physical arrangement of the p-n-p junction 

ransistor, show m K normal bias polarities. The circuit representation is also included. 

either additional holes in the n region or additional free electrons in the 

p region. n eit ei case the minority carriers that are so provided should 

be produced near enough to the junction so that they do not recombine 
before they are collected. 

The technique adopted for effecting the desired results is to locate a 
forward-biased p-n junction very close to a reverse-biased p-n junction. 
In this way the first p-n diode injects minority carriers into either the 
n- or thep-type material immediately adjacent to the second. A sketch 
showing the schematic arrangement is given in Fig. 1-32. It is observed 
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biased junction J c . The left-hand diode is one in which the p side is 
more heavily doped than the n side. This ensures, in accordance with 
Fig. 1-31, that almost all the forward current on the n side of .1 , will he 
carried by holes which have been injected into this region. 1 his accounts 
for the name “emitter” of the forward-biased junction ./,. The right- 
hand junction will collect any hole which readies the n edge ot its 
space-charge region, as indicated in Fig. 1--9. Because ot this action, 



Collector to base potential (E c )-volts 


Fig. 1-33. Collector characteristics of a 2X04 p-n-p junction transistor. (Raytheon 
Mf(j. Co.) 



Fig. 1-34. Schematic diagram o! tin* n-p-n junction transistor, showing normal bias 
polarities. The circuit designation is also included. 


this junction is called a “collector.” (dearly, any current through J r is 
collected regardless of E r (see Fig. 1-30). lienee a small change in the 
emitter potential E e will cause a current in the large E c , thereby per¬ 
mitting the use of this p-n-p junction transistor to provide amplification. 

While various curves are possible for the transistor, depending on the 
choice of independent and dependent variables, a customary and useful 
pair give the collector and emitter characteristics. The collector static 
characteristic curves are given in Fig. 1-33. 

Attention is called to the fact that there is nothing in the first para¬ 
graph of this section which precludes having the base region of p material 
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tions, with one serving to inject minority carriers into the other, thereby 
controlling the saturation current. Such an n-p-n junction transistor is 
illustrated schematically in Fig. 1-34. In this case, free electrons are 
injected into the base region by the forward-biased emitter and are col¬ 
lected, after they have diffused across the base region, by the reverse- 
biased collector. To indicate that the emitter current is made up of 
opposite-type minority carriers, the circuit designation employs a reverse 
arrow. 

1-26. Point-contact Diodes. The modern point-contact diodes were 
developed some years before the junction devices, and are still used very 



extensively as rectifiers for detection at very high frequencies. They 
ha\e also replaced the vacuum-tube diode in a number of applications. 

Let us consider the situation which exists when a semiconductor of the 

n is P laccd in contact with a metal. Theory shows that a redis¬ 
tribution of the electrons in the neighborhood of the junction occurs, 
with the production of a surface-charge distribution. If the work func¬ 
tion of the semiconductor is less than that of the metal, a negative sur¬ 
face charge is established on the metal, with an equal positive space 
c aige on t e suifacc of the semiconductor. The approximate thickness 
of this positive suriace-charge distribution, which is called a “depletion” 

region or natural blocking layer,” has been estimated to range from 
about 10~ 8 to 10~ 6 m. 

Rectification at the metal-semiconductor boundary occurs in roughly 
the following way: Suppose that a potential is applied in the forward 
direction (a negative potential is applied to the semiconductor). This 
increases the potential energy of the semiconductor by an amount equal 
to the potential. The height of the surface barrier as viewed from the 
metal to the semiconductor does not change, whereas when it is viewed 


a 


Since the electrons have a smaller potential barrier to hurdle, there will 
be a resultant flow of electrons from the semiconductor to the metal. 

When the potential is applied in the reverse direction, the potential 
energy changes in a manner to cause the height of the barrier, as viewed 
from the semiconductor to the metal, to increase. This results in a 
decrease in the electron flow from the semiconductor to the metal. Since 
the electron flow across the metal-semiconductor boundary responds dif¬ 
ferently for each polarity of applied potential, being greater in the forward 
than in the reverse direction, the boundary is nonlinear, and rectification 
is possible. The characteristic of a typical //-type germanium diode is 
given in Fig. 1-35. 

1-27. Point-contact Transistors. In such transistors, two point con¬ 
tacts are placed near each other (only several mils apart) on the upper 
face of a small block of //-type germanium. A large-area low-resistance 
contact on the base provides the third element. Each ot the two point 
contacts is separately connected to the base electrode through an external 
circuit. A forming operation is performed which consists in passing a 
controlled surge of reverse current through the collector. This produces 
a region of p material under the collector. Each point contact with the 
base electrode has characteristics similar to those of a contact rectifier. 
The emitter is biased in the forward direction (semiconductor negative) 
so that a large-part of the current consists of holes flowing away from 
that contact. That is, the emitter contact provides a high-resistance 
barrier to the flow of electrons from the metal to the semiconductor, and 
the flow of holes injected into the semiconductor by the emitter readily 
occurs. 

The collector is biased in the forward direction, so that the collector 
current consists primarily of electrons flowing from the collector point 
to the base electrode through the semiconductor. When the emitter and 
collector contacts are placed near each other, a field is produced by the 
collector current which attracts the positively charged holes from the 
emitter, causing a large part of the emitter current to flow into the col¬ 
lector circuit. Thus the collector current is made up of the flow of both 
holes and electrons. Observe that the density of the space charge in the 
barrier layer at the collector is increased by the hole current into that 
junction from the semiconductor. This increase in space-charge density 
and field strength makes it easier for electrons to flow from the collector, 
thereby increasing the collector-circuit current. Since the increase in 
total collector current may exceed the change in emitter current, a result¬ 
ant current amplification from the emitter to the collector circuit results. 
The over-all current multiplication is usually of the order of 2 or 3. 

The symbol for the n-type point-contact transistor is the same as that 
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teristics are given in Fig. 1-36. It is noted from the figure that the 
spacing in collector current between curves for^ny two values of emitter 
current is about three times the corresponding change in emitter current. 
A discussion of the transistor parameters is deferred until Chap. 2. 




GAS TUBES 

1-28. Electrical Discharge in Gases. There are two important classes 
of discharge in gases that play roles in electron tubes. One of these is 
the glow discharge, and the second is the arc discharge. The glow dis¬ 
charge utilizes a cold cathode and is characterized by a fairly high tube 
drop and a low current-carrying capacity. The potential drop across the 
tube over the operating range is fairly constant and independent of the 
current. The arc discharge is characterized by a low potential drop and 
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temperature-limited cathode emission may be drawn with a tube drop 
approximately equal to the ionization potential of the gas. For a mer¬ 
cury-pool cathode, extremely high current densities exist (of the order of 
5X 10 s amp in-), with high total currents possible and a tube drop 
* approximately equal to the ionization potential of the mercury atom. 

Consider a gas tube which consists ol a cold cathode and a collecting 
anode, between which is connected a source of potential through a cur¬ 
rent-limiting resistance, and an indicating ammeter. The volt-ampere 
characteristic of such a tube has the form illustrated in Fig. 1-37. This 
curve shows that breakdown occurs at a potential which is somewhat 
higher than the maintaining potential but that there is a region where 
the tube drop remains substantially 
constant over an appreciable range of 
currents. Visually, the discharge is 
r characterized by a colored luminous 
region, the color being a function of the 
gas present in the tube. 

It is desired to explain the mechanism 
of operation of these tubes. Consider, 
therefore, that a free electron exists 
within the tube; such an electron might 
have been released by ionization due to 

collision between a gas molecule and a cosmic ray or by photoelectric emis¬ 
sion. With the application of the potential between the electrodes, the 
electron will drift toward the anode. If the field is large enough, the elec- 
' tron may acquire enough energy to ionize a molecule when it collides with 
it. Now two electrons will be present, the original one and also the elec¬ 
tron that has been liberated by the process of ionization, and a positive ion. 
The two electrons and the positive ion will move in the applied field, the 
electrons moving toward the anode, and the positive ion toward the 
cathode. If the field is large enough, the resulting cumulative ionization 
may continue until breakdown occurs. % Once breakdown occurs, the 
potential distribution within the tube is markedly modified, and most of 
^ the region of the discharge becomes virtually equipotential or force-free, 
containing as many positive as negative charges. This is the plasma of the 
discharge. Almost the entire potential change occurs in the very narrow 
1 egion near the cathode. Normal values lor cathode-fall potential range 
between about 59 volts (a potassium surface and helium gas) and 350 volts. 
The presence of a low-work-function coating on the cathode will result in a 
low cathode fall with any gas. Also, the use of one of the inert gases 
(helium, neon, argon, etc.) results in a low cathode fall with any cathode 
^inaterial. The cathode fall adjusts itself to such a value that each posi- 



Fig. 1-37. Volt-ampere characteristic 
of a glow discharge. 
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cathode by secondary emission. The positive ion combines with this 
electron and thus becomes neutralized. 

Another feature of a normal glow discharge is that the current density 
at the cathode remains sensibly constant. For higher currents, a greater 
portion of the cathode is covered with glow, the area of the glow on the 
cathode increasing directly with the magnitude of the current. Once 
the cathode is completely covered-with glow, any further current through 
the tube depends on an excess of secondary emission from the cathode 
over that required to neutralize the positive ions. This is accompanied 
by a rising cathode fall. This is the “abnormal” glow and is generally 
of small practical importance. 

The dividing line between an arc and a glow discharge is rather indis¬ 
tinct. The arc discharge allows for the passage of large currents at low 
potential, the current density at the cathode being high. Nevertheless 
each discharge has associated with it the cathode fall, the plasma, and 
the anode fall (which is of minor significance in both types of discharge). 
The discharges differ in respect to the mechanism by which the electrons 
are supplied from the cathode. In the glow discharge, as discussed, the 
electrons are emitted from the cathode by the process of secondary 
emission resulting from positive-ion bombardment of the cathode. In 
the arc discharge, the emission of the electrons from the cathode occurs 
through the operation of a supplementary mechanism other than by 
positive-ion bombardment. In the thermionic arc, the electrons are 
supplied by a cathode that is heated to a high temperature, either by the 
discharge or externally by means of an auxiliary hewing circuit. The 
mechanism for electron release is not fully understood in the arcs that 
employ a mercury-pool cathode or an arc between metal surfaces. How¬ 
ever, in these discharges the primary function of the gas is to supply a 

sufficient positive-ion density to neutralize the 
electron space charge. Because of this, the 
normal potential drop across an arc tube will be 
of the order of the ionizat ion potential of the gas. 

1-29. Glo^^Xuiie. A glow tube is a cold- 
cathode gas-discharge tube which operates in 
the normal glow-discharge region. The poten¬ 
tial drop across the tube over the operating 
range is fairly constant and independent of the 



Cathode 
- Starting probe 
Anode 


Fig. 1-38. Electrode struc¬ 
ture in a VR tube. 


current. When the tube is connected in a circuit, a current-limiting resistor 
must be used if serious damage to the tube is to be avoided. 

One commercial type of tube consists of a central anode wire which is 
coaxial with a cylindrical cathode, as illustrated in Fig. 1-38. The elec¬ 
trodes are of nickel, the inner surface of the cathode being oxide-coated. 
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(an alloy of cerium, lanthanum, ami didymium) on the cathode. The 
gases that are commonly used are neon, argon, and helium. The tubes 
containing neon or helium usually contain a small amount of argon. The 
presence of the argon lowers the starting potential. These tubes are 
y available with normal output potentials of 75, 90, 105, and 150 volts and 
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Fig. 1-39. Photographs of several lowvcapacity glow tubes. {General Electric Co.) 
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hear the designations 0A3/YR-75, 0B3/VR-90, etc. The normal maxi¬ 
mum current is 30 ma. The starting probe that is attached to the cath¬ 
ode, as illustrated in Fig. 1-38, serves to lower the breakdown potential 
of the tube. 

Glow lamps are also available for pilot, marker, and test-lamp service. 
Such tubes are available in several sizes from Yih to 3 watts capacity. 
Photographs of these are given in 
Fig. 1-39. 

1-30. Cold-cathode Triodes. A 

cold-cathode triode, or grid-glow tube, 
contains three elements, the cathode, 
the anode, and a starter, or control, 
anode. The control electrode is placed 
close to the cathode. The spacing of 
the electrodes is such that a discharge 
takes place from the cathode to the con¬ 
trol electrode at a lower potential than 
is required for a discharge from the cath¬ 
ode to the anode. Once the control gap 
has been broken down', however, it is 
possible for the discharge to transfer 

to the main anode. The cathode-anode potential that is required for this 
transfer to occur is a function of the transfer current, the current in the 
control-electrode-cathode circuit. Such a “transfer/’ or “transition ” 
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Fig. 1-40. Transfer characteristic of 
RCA OA4G cold-cathode triode. 
Control gap maintaining potential 
is 60 volts. 
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connected in the circuit, the anode potential is equal to the breakdown 
potential between cathode and anode. It is observed from the curve that 
! the required anode-cathode poten- 

tial falls rapidly as the transfer cur- 
1 rent is increased. An increased 

§ O- 1 -transfer current indicates the pres- 

£ s ence of greater ionization. • Re- 

k 0.01--gardless of the magnitude of the 

o / transfer current, however, the 

r 0Q0| _ /_ _anode-cathode potential can never 

S / fall below the maintaining voltage 

^qqq 0I _ / for this gap. The transfer charac- 

0 20 40 60 80 100 120 teristic approaches this sustaining 

* Temperature of condensed mercury,”G potential asymptotically. 

preSSU . re aS a i-3!. Hot-cathode Gas-filled 

function of condensation temperature. 

Diodes. These tubes are therm¬ 
ionic cathode diodes in which there is an inert gas at low pressure or in 
which there is mercury vapor. In the latter case a few drops of mercury 
are added to the tube after evacuation. The pressure in the tube is then a 
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Fig. 1-41. Mercury-vapor pressure as a 
function of condensation temperature. 
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function of the mercury-vapor condensation temperature. The relation¬ 
ship between the pressure and the temperature is shown in Fig 1-41 
Inder normal operating conditions, the temperature of the tube will be 
lo to 20°C above that of the surroundings (ambient temperature). 

* As already discussed, the sole function of the gas in these tubes is to 
provide ions for the neutralization of space charge, thus permitting the 
current to be obtained at much lower potentials than are necessary in 
vacuum tubes. If more than saturation current is demanded by’the 
circuit, then gas amplification, resulting from positive-ion bombardment 
0 * e cat hode, will occur. Under these circumstances the cathode fall 
increases. The tube drop should not be permitted to exceed the dis¬ 
integration potential of the cathode (about 22 volts for a mercury diode 
"ith either oxide-coated or thoriated-tungsten cathodes); otherwise the 
cathode may be seriously damaged by the positive-ion bombardment. 

. Two typical commercial mercury-vapor-tilled diodes are illustrated in 
Fig. 1-42. 

1-32. High-pressure Gas Diodes. Diodes are available which contain 

argon or a mixture of argon and mercury at a pressure of about .'> cm. 

Ihe cathodes in such tubes consist of a short, heavy thoriated-tungsten 

or oxide-coated filament and are located close to heavy graphite anodes. 

lese tubes, which are known as tunyar or rcctigon tubes, are used exten¬ 
sively in chargers for storage batteries. 

Ihe presence of the fairly high-pressure gas serves a twofold purpose. 

ne is to provide the positive ions for reducing the space charge The 

second is to prevent the evaporation of the thorium or the coating from 

f the filament. This second factor is extremely important since the lib, 

meat is operated at higher than normal temperature in order to provide 

the large currents from such a simple cathode structure The high pre 

sure ga S in such a tube imposes a limitation on these tubes, and thev an' 
limited to low-potential operation. 

J; 33 - The Thyratr0n - . The l !^ tron > s a three-electrode tube which 
^ompnsesthe^mthode^he anode^T a massive grid structure between' 

i™: provide aln^il^le te 

, ectiostatm shielding between the cathode and the anode I„ such a 

7 ti: Sv" 0 “ft” 01 * re »^ c„„,ig „ 

^ wlii h gn , k T dUy C ° nS1StS ° f a c >' liud —l struc- 

o? baffles le , an ? de and thC Cath0de J a or a series 

the c! ho l 1 ! S eing inSOrted the anode and 

Fig l r h , C H eCtr ° de f rUCtUle ° f such a tube is illustrated in 

0 f S a l 1 be shleldln S by the grid is so complete that the application 

come The l P ° te “ tlal b ofore conduction is started is adequate to over- 
iiflflr | e . ^ ^ Catbode resu lting from the application of a large 
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Once the arc has been initiated, the grid loses complete control over 
the arc. Grid control is reestablished only when the anode potential is 
reduced to a value less than that necessary to maintain the arc. Once 
the arc has been extinguished by lowering the plate potential, the grid 



Fig. 1-43. The elec¬ 
trode structure of a 
negative-control thy- 
ratron. 


once more becomes the controlling factor which 
determines when conduction will again be initiated. 
That is, if the grid potential is more positive than 
that necessary for the controlling action to prevail, 
conduction will take place; if more negative, no con¬ 
duction will occur. The curve that relates the grid 
ignition potential with the potential of the anode for 
conduction just to begin is known as the critical grid 
curve. In fact, a knowledge of this static curve is 
all that is required to determine completely the 
behavior of a thyratron in a circuit. 

Typical starting-characteristic curves of mercury- 
vapor thy rat rons are given in Fig. 1-44. Two dis¬ 
tinct types of characteristics are illustrated, viz., 
those in which the grid potential must always be 


positive, and those in which the grid is generally negative, except for very 
low plate potentials. The physical distinction between these positive- 
and negative-control tubes lies essentially in the more complete shielding 
by the grid in positive-control tubes. 


In the negative-control tube, where the shielding is far less complete 
than in the positive-control type, the effect of the plate potential is clearly 


FG-27A Negative control F(r33 Positive control tube 
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F ia - U4L Critical grid characteristics of a positive- and a negative-control thyratron 
for different temperatures. 

seen, the higher the plate potential, the more negative must the grid 
potential be in order to prevent conduction from taking place. For lo"’ 
plate potentials, positive grid potentials must be applied before ioniza¬ 
tion, and hence conduction, can begin. If the plate potential is reduced 
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can still be obtained by making the grid sufficiently positive. Now, how¬ 
ever, the function of the tube may be destroyed, since the arc may take 
place between the cathode and the grid, with very little current to the 
plate. The thyratron will be converted into a gas diode under these eon- 
editions, the plate acting as a dummy electrode, the cylindrical grid now 




i 


serving as the anode. It is because of 
this that a large current-limiting resist¬ 
ance is connected in the grid circuit, as 
it is unwise to draw a large grid current. 

In addition to the mercury-vapor- 
and gas-filled thyratrons of moderate 
current capacity, small argon-lilled 
low-current-capacity tubes are avail¬ 
able. The shielding between the 
cathode and the anode is not so com¬ 
plete in these tubes as in the higher- 
current units. Also, the critical grid 
curve is independent of temperature, 
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Fig. 1-45. Critical grid characteristic 
of an 884 argon-filled thyratron. 


since the number of gas molecules in the glass envelope remains constant. 
A typical critical grid curve for an 884 is given in Fig. 1-45. 

1-34. Shield-grid Thyratrons. Before breakdown of the tube occurs, 
the current to the grid of a thyratron such as the FG-27A is a few tenths 
of a microampere. Although this current is entirely negligible for many 
applications, it will cause trouble in circuits that require very high grid 
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Fig. 1-46. Electrode structure of the 
FG-98 shield-grid thyratron. 
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Fig. 1-47. Control characteristics of an 
FG-98 shield-grid thyratron. 

impedances. This is especially true in circuits that employ phototubes. 
For this reason, a fourth electrode, or shield grid, has been added to the 
thyratron. Such a shield-grid thyratron structure is illustrated in Fig. 
1-46. The massive cylindrical shield-grid structure encloses the cathode, 

&®grid current is 
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, . , water-cooled metal ignitron. (General Electric Co.) 
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arc. In the former case the electrons already exist in the tube, owing 
to the presence of an externally heated cathode, but the grid electrostati¬ 
cally prevents the electrons from flowing to the anode until a critical 
potential is reached. In the ignitron, the tube is in a nonconducting 
state until the igniter circuit is energized, when conduction is forced. 

1-36. Tube Ratings—Current, Voltage, Temperature. Gas- and 
vapor-filled tubes are given average rather than rms current ratings. 
This rating specifies the maximum current that the tube may carry con¬ 
tinuously without excessive heating of any of the parts. The time over 
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• Mercury condensation temperature,°C. 

Fig. 1-49. Peak inverse potential and tube drop of an 8G6 diode as a function of 
temperature. 
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which the average is to be taken is also specified by the manufacturer. 
That the average current is important in such a tube follows from the 
fact that the instantaneous power to the plate of the tube is given by the 
product of the instantaneous anode current and the instantaneous tube 
potential. Since the potential is substantially constant and independent 
of the tube current, the average power is the product of the tube drop 
and the average tube current. The tubes are also given peak-current 
ratings, these ratings specifying the maximum current that the tubes 
should be permitted to reach in each conducting cycle. 

Such tubes are also given peak-inverse-potential ratings This is the 
argest safe instantaneous negative potential that may be applied to the 
tube wahout the possibdity of conduction in the inverse direction arising 
because of breakdown of the gas in the tube. This potential is also 
referred to as the flash-back potential. The variation of the inverse peak 
potential with temperature for an 8GG diode is shown in Fig. 1-49 

The maximum peak forward potential is a quantity that is significant 
? n y or thyratrons. It specifies the largest positive potential that mav 

ann ^^rid * oses ^re-initiating ability 
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That is, for potentials higher than this, a glow discharge may occur 
between anode and grid, which will immediately initiate the cathode- 
anode arc. 

The condensed-mercury temperature limits are specified for the safe 
and efficient operation of mercury-vapor tubes. The range usually, 
extends from about 30 to 80°C. The upper temperature limit is deter¬ 
mined by the allowable peak inverse potential. The lower limit is set 
by the allowable tube drop, which increases with decreasing tempera¬ 
ture and which may cause serious cathode disintegration, as well as a 
decreased efficiency. 

*1-37. Deionization and Ionization Times. The ionization time of a 
tube specifies the time required for conduction to be established once the 
potentials have been applied. It seldom exceeds 10 /xsec and is approxi¬ 
mately 0.01 jusec for the 884 thyratron. 

The deionization time is a measure of the minimum time that is 
required after removal of the anode potential before the grid of a thyra¬ 
tron again regains control. It represents the time that is required for the 
positive ions to diffuse away from the grid and recombine with electrons 
to form neutral molecules. The deionization time depends on many 
factors, such as gas pressure, electrode spacing, and exposed areas. For 
commercial tubes that are operated under rated conditions, it varies 
between 100 and 1,000 nsec. This is considerably longer than the ioniza¬ 
tion time and may offer a serious limitation to the use of such tubes in 



y 


many applications. 
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CATHODE-RAY TUBES 


* 

1-38. Forces on Charged Particles in Electric and Magnetic Fields. 

The present section is devoted to a discussion of the operating features 
of cathode-ray tubes. Consequently, the considerations are of limited 
scope,* with a detailed study only of those concepts related to the prob¬ 
lems which occur in the cathode-ray tube. 

Initially, consider a charged particle in an electric field. The force on 
a unit positive charge at any point in an electric field, by definition, is 
the electric field intensity € at that point. Consequently, the force on 
an electron of charge -e in an electric field of intensity 6 is given by 

— e£, the resulting force being opposite to the direction of the electric 
field* Thus, 

i newtons (1-24) 

where e is in coulombs and 6 is in volts per meter. Boldface type! wil1 


* For more details see ref. 1. 

t Later boldface type will also be used to represent complex numbers. 
culty will ensue. since vectors with.com™^-* —*>> 


No diffi- 
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be employed wherever vector quantities (those having both magnitude 
and direction) are encountered. 

In order to ascertain the path of the electron in an electric field, the 
force, given by Eq. (1-24), is related to the mass and acceleration ot the 
electron by Newton's second law of motion. Hence 


f = - 


- (/v 
= m w 


newt 011 s 


(1-25) 


where m is in kilograms (= 9.107 X 10“ u kg) and <7v dt is in meters per 
second per second. The solution of t his equation. subject to appropriate 
initial conditions, will give the path of the particle under the influence of 
the applied electric forces. 

To examine the force on a moving charge in a magnetic field, use will 
be made of the well-known “motor law.” This law states that the force 
on a conductor of length /, m carry¬ 
ing a current of / amp and situated 
in a magnetic field of intensity B 
webers/m 2 is BIL newtons, provided 
that the directions of I and B are per- 
pendicular to each other. Under these 
conditions the force is perpendicular to 
the plane of I and B and has the direc- 
tion of advance of a right-handed 
screw which is placed at 0 and is x 
rotated from I to B (see Fig. 1-50 for 

. , .. * * , -d Fir - Illustrating the force on a 

the geometry involved). It 1 anu B conductor in a magnetic field. 

are not perpendicular to each other, 

the force is determined by the component of I perpendicular to B. 

By considering a beam of electrons to make up the current and taking 
into account the fact that the direction of flow of electrons is opposite 
to the direction of the conventional current, the force per electron is 
found to be 1 

f = ev~ X B newtons (1-26) 

The situation is illustrated in Fig. 1-50, where v~ represents the velocity 
of the electron. 

1-39. Electrostatic Deflection in Cathode-ray Tubes. It is desired to 
ascertain the deflection of the electron beam in the cathode-ray tube 

V 

illustrated in Fig. 1-51. It is assumed that a constant potential iu d is 
applied between the deflecting plates, as shown. 

1 1 3^ ^ ^ ^ v ()x results from the accelerating 

potential K a . This follows from the fact that, in the cathocle-anode 


* This assumes that the velocity is sufficiently small so that relativistic effects need 
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region, the electric field intensity 6 is produced by the potential E a . 
Also the field is directed from anode to cathode, so that the force, accord¬ 
ing to Eq. (1-25), is directed in the positive X direction. Therefore Eq. 
(1-25) may be written as 

— eS x _ dv x 
m dt 


Multiply this equation by dx = v z dt , and integrate. This leads 


to 


— e 

m 


/ 8> x dx = v x dv x 

JX 0 Jv OX 


(1-27) 


But the definite integral j £> x dx is an expression for the work done by 

Jx 0 

the field in carrying a unit positive charge from point x 0 to x. Also by 
definition, the potential V of a point x with respect to point xo is the 



Fig. 1-51. Electrostatic deflection in a cathode-ray tube, 
work done against the field in taking a unit positive charge from Xo to x, or 


V = 


= — f £x dx 

Jx 0 


volts 


(1-28) 


Hence Eq. (1-27) integrates to 


(1-29) 


— vl x ) joules 

This expression shows that the kinetic energy acquired by an electron in 
falling through a potential difference V is independent of the form of the 
variation of the field between the points x 0 and x. 

If the initial velocity of the electrons from the cathode is assumed to 
be zero, then Eq. (1-29) reduces to 


from which it follows that 


eV = y^mvl 


m/sec 


(1-30) 
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and for the electron this becomes 

v = 5.93 X 10 5 n* m/sec (1-31) 

Now consider the region between the deflecting plates. The situation 
^is illustrated in Fig. 1-52. The motion of the electron is to be investi- 
’ gated, subject to the initial conditions 


Vx = Vox x = 0 \ 

v y = 0 y = 0 \ when t = 0 

v t = 0 2 = 0 j 


Since there is no force in the Z direction, the acceleration in that direc¬ 
tion is zero. Hence the component of velocity in the Z direction is 




Fig. 1-52. Two-dimensional motion in a uniform electric field. 


unchanged by the held. But since the initial velocity in this direction 
• _ 

is assumed to be zero, it will remain zero. The motion then takes place 
entirely in a plane, the plane of the paper in this case. 

From similar reasoning, the velocity along the X axis remains constant 
and equal to v 0x , since the acceleration along X is zero. Thus 



\ 







from which, by integration, subject to the appropriate initial condit 


ion, 



(1-32) 



The velocity in the Y direction will change, because of the electric 
field in this direction. Subject to the specified initial conditions, the 
force equation in the Y direction yields, for negligible field fringing, 


Also, 



(1-33) 


where 




(1-34) 


The path of the particle with respect to the point O is determined bv 
.combining Eos. (T-32) and (1-32N the variable t being eliminated. This 
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leads to 


1 a y 

y = 2< x 


(1-35) 


This expression shows that the path between the deflecting plates is a 
parabola. 

Now return to consideration of Fig. 1-51. When the particle leaves 
the point M, it will travel in a straight line toward the screen, since the 
region from M to the screen is assumed to be field-free. The straight- 
line path is tangent to the parabola at the point M. The slope of the 
line at point M is obtained from Eq. (1-35) and is 


tan 6 = ~ 

dx 


_ CLyl 


x = 1 


V 


Ox 


From the geometry of the figure, the straight-line path MP' is repre- 
sented by the expression 


y 



(1-36) 


> 


since, at point M, x = l and y = YiaJ}/v\ z . 

Note that if y = 0 in the above expression, x = 1/2. This indicates 
that when the straight-line path MP' is projected backward, it will inter¬ 
sect the tube axis at the point O', the center point of the plates. This 
permits one to consider O' as a virtual cathode, and, regardless of the 

po entials E d and E a , the electrons appear to emerge from this point and 
travel in a straight-line path to the screen. 

(i-SG)'becomes ^ ^ A “ d * = L + ^ E ^ ation 

aJL 


i 


D = 


r 2 

L 0x 


By inserting the known values of a v and v 0x , this becomes 


D = 


ILE. 


2 dE. 


(1-37) 


This shows that the deflectinn nn r . , 

j- _ .. . ction on the screen of a cathode-ray tube is 

directly proportional to the deflectino- ^ , . . . 

with the accelerating potential P E “ a ' ld VaneS lnversely 

A number of idealizations have been made in the foregoing dcvelop- 
ment such as neglect of initial velocities of the electrons, neglect of the 

S ; ln "« °! f he elect ™ between the deflecting plates, and 
he use of parallel deflecting plates. Owing to these, a considerable cor¬ 
rection may be necessary in the deflection given by Eq. (1-37). How¬ 
ever, the expression does give the proper dependence on the various 

parameters. 
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1-40. The Intensifier Tube. According to Eq. (1-37), the deflection of 
the cathode-ray beam for a given deflecting potential varies inversely 
with the accelerating potential. Consequently, greater sensitivity exists 
for smaller values of E a . This would seem to indicate the desirability of 
y using low values of accelerating potential. However, the smaller values 
, ' of E a cause a decreased luminosity of the spot on the screen, because the 
luminosity depends on the energy carried by the electron beam. As a 
result, a compromise must be reached between luminosity and sensitivity 
in cathode-ray tube design. 

The inclusion of an additional electrode, called the intensifier , or post- 
accclerating, electrode, near the screen permits a high sensitivity and also 



Fig. 1-53. A cathode-ray tube with an intensifier band. 


a high luminosity. The general appearance of such a tube is shown in 
Fig. 1-53. The intensifier band is a conducting ring on the inner surface 
! of the glass envelope near the screen. With such a tube, the accelerat¬ 
ing potential applied to the first anode A i is reduced so as to provide a 
high sensitivity. The second anode A 2 is maintained at the first-anode 
potential, as indicated in the figure, so that the deflection in the region 
of the deflecting plates is controlled by the deflecting potential E (l . 
After deflection, the electrons are given an additional energy through the 
use of the intensifier potential L a2 . As usually operated, the potential 
between A 2 and I(E a2 ) is approximately equal to the accelerating poten¬ 
tial E a i. This provides full brilliance with a sensitivity almost twice that 
of a tube of the same characteristics which does not have the intensifier 
band. 

If the ratio of intensifier to accelerating potential is much greater than 
about 2, it is necessary, in order to reduce the distortions that are intro¬ 
duced by the nonaxial components of electric field caused by the intensi¬ 
fier, to change the tube shape and divide the postaccelerating potential 
among several intensifier bands. Figure 1 -54a is a photograph of a rela¬ 
tively low-potential cathode-ray tube, which includes a single intensifier 
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1-41. Magnetic Deflection in Cathode-ray Tubes. The essential 
elements of a magnetically deflected cathode-rav tube are illustrated in 
Fig. 1-55. As indicated, the constant magnetic field extends over a 
limited region of the tube and is assumed here to be pointing out of the 
paper. An application of the principles of Sec. 1-38 will show that the 
beam is deflected upward, as shown. If the field is uniform, the electron 
experiences a force of magnitude evB. 

In this case, as for the electrostatic tube, the cathode and first anode 
supply a beam of electrons which enter the region of the magnetic field 


Y 



Fig. 1-55. Magnetic deflection in a cathode-ray tube. 


at the point 0 with an initial velocity v 0x . When the electrons enter the 
region of magnetic field, a force acts on them. However, the force is 
perpendicular to c, and so to the motion at every instant. As a result 
no work is done on the electrons, and the kinetic energy is not changed! 
This means that the speed remains unchanged during the electron path 

in the c6ns£ant magnetic field. This type of force results in a circular 
path with constant speed. 

To find theihiius of the circular path, use is made of the fact that a 
particle moving iua circular path with constant speed v has an accelera¬ 
tion toward the center of the circle of magnitude v 2/ R, where R is the 
radius of the path. Then 

mv- 

~R = evB 

from which 



meters 


d-38) 


The corresponding angular velocity is 


“ = R = 


eB 


rad / sec 


(1-39) 
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1 his expression shows that the angular velocity is independent of the 
radius or the speed. This means that faster-moving particles will trav¬ 
el se larger circles in the same time that a slower particle traverses a 
smaller circle. 

On the basis of the foregoing, the path 0.1/ in Fig. 1-55 will be a seg¬ 
ment of a circle whose center is at Q. The speed of the particle remains 
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constant at its entering value 


‘ 



The angle 6 is given approximately by 



m/sec 


(1-40) 

(1-41) 


Also, in most practical cases L is much larger than l, whence little error 
is made in assuming that the straight line MP' when projected backward 
will pass through the center O' of the region of the magnetic field. Then 

D = L tan 0 (1-42) 


For the conditions chosen, 6 is assumed small, thereby permitting the 
approximation tan 0 = 6. Combining this result with E 
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> 




(1-42), there results 


D = Ld = 


JL 

R 


ILcB 

mv 


ILB / e_ 

\ \2m 


meters 


o-«) 


This shows that the deflection on the screen of the cathode-ray tube is 
directly proportional to the deflecting magnetic field and inversely pro¬ 
portional to the square root of the anode potential. A typical cath¬ 
ode-ray tube with magnetic focusing and deflection is illustrated in 
Fig. 1-56. 

1-42. Comparison of Electric and Magnetic Tubes. Electrostatic 
tubes are used in practically all oscilloscope applications over a wide fre¬ 
quency range. The upper frequency limit is determined by the capaci¬ 
tance of the leads and deflecting plates. For the higher frequencies, the 
deflecting plates are brought out directly through the neck of the glass 
bulb to coaxial connectors. Owing to their operation, little power is 
required for deflection, except possibly at the very high sweep speeds. 

As a result, the sweep and deflection circuit amplifiers are relatively 
simple. 

Owing to the inductance of the deflecting coil, magnetic tubes have a 
relatively small pass band (about 10 kc). Also, since the sweep speed is 
controlled by the current in the deflecting yoke, the coil current is criti¬ 
cally dependent upon the frequency of the applied potential. For this 
reason, magnetic deflection is limited essentially to constant-frequency 
service, such as that found in television or radar. In these applications 
the signal is applied to the grid or cathode to give an intensity-modulated 

beam rather than a deflection-type presentation (referred to in radar 
applications as an A scope). 

Magnetic focusing is generally used with magnetic deflection, since the 
focusing possible with a magnetic tube is usually better than with an 
electrostatic focusing system. The magnetically deflected, magnetically 
focused tube is very desirable, as it provides a high-intensity beam with 
a minimum tube length and a minimum distortion of the spot due to the 
deflection of the beam. In addition, the magnetic tube is less compli¬ 
cated than the electrostatic type, and the production costs are lower 
Also, from Eq. (1-43), the deflection per unit applied field intensity varies 
inversely as the square root of the accelerating potential, whence the 
increase m accelerating potential, so as to provide a high-intensity spot 

does not require that the deflecting field, for a given deflection, be 
increased proportionately. 
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PROBLEMS 

9RWic A ww ten fi .! ament ’ °'° 085 in * diameter > y 16 in. long, is operated at 
rf 50 K * What 18 the temperature-limited current? If the temperature is 

increased by 50 K, by what percentage does the emission current increase? 

0 nt °TA n u FP " 4 ? 0 tun S sten -hlament tube is 1.25 in. long and 

is the fikmennSratingV ^ “ 30 Ma ' at what temperature 

n Mht nrwn 6 inver j ed 'Y oxide-coated cathode is made of tungsten ribbon 

linn 5 “K y WhV n 'f^ n C 1S 1-4 m ' ° ng \ 14 1S maintained at a temperature of 
IIUU Jv. What is the thermionic-emission current? 

thLt'J n ° xide : coated emi .ttf I s °P era ting at 1100°K. Calculate the relative 
thermomc-errussion current if 6„ has the value 12,000; the value 11 000 

nnrrL ^ turc will a thoriated-tungsten filament give as much 

2650°K? a tUngSte “ filament of the same dimensions which is maintained at 

^ ' vh , a * temperature will an oxide-coated cathode give the same emission 
teined^at 1750°K? g filament of the same Physical dimensions which is main- 

!" 7 r^ I ,° n0Chr .T atlC Hght of wavele "gth 5893 A falls on the following surfaces: 
a. Cesium, with a work function 1.8 volts. 

t b ' \ lat ‘ nu m- wi *h a work function 5.3 volts. 

Is photoelectric emission possible in both cases? Explain. 

at a iriven rpo-ir, uum photocell is to be used to sound an alarm when the light 

am the eorresnonH- “ r °r falls belo ' v 40 ft - c or i^ases above 120 ft-c. What 
19 Plot? v«? in ^ P oto ^ urren t'S? A collecting potential of 45 volts is used. 

i,ioM,S™L v th‘,‘,°,t p “ d “ B> on io ‘, p T r ' r "“ 

1 in TKo 4 . s K ancl n ln expression i b = ke?. 

the^L^Ycrirs^ ty K 4 s G th d > ode witb 54 , a r lied bet T n f 

100 ma? The tube operatesTnder soace et re 9 Uired potent,al for a current of 
1-11. Suppose that the FP-400tube's. a flI . 

g j. Sh, ^ ° P “ , “' e « 2TO-K, -I U» 

а. Calculate the saturation current 

б. At what potential will the current become temperature-saturated? 

From thiVcnrve fi'H 6 tlf oal °g Paper of the 6J5 triode (see Appendix B). 
From this curve find the quantities A and n in the expression i = k(e'+ ^)”. 

curves of A “ = 135 volts. Determine and plot 

curves ol n, g m , and r p as a function of e c . 

1-14. The rating of a certain triode is given by the expression 

i b = 130 X 10 -6 (e c + 0.125e 6 )> w 
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1-15. The plate and grid characteristics of a type 8.51 power triode are given in 

Appendix B Plot i a = i b + vs. e b -f MO on log paper, and find the quantities 
fc and n in the expression i, = k(e b ne c ) n . 

1-16. The current in a 6J5 triode for which p = 20 and which is operating with 

~ ~b 'oils. Fi = 250 volts is 8.7 ina. Estimate the current when Ft = 200 
volts and E c = —6 volts. 

1-1.7. A 6Jo triode for which m = 20 is operating with E b = 250 volts. What 
grid potential is required to reduce the current to zero? 

1-18. Evaluate the value of m. g*,, and r p of the 6SJ7 pentode for E, = -3 volts 
Ecd = 100 volts, E b = 150 volts. ' 

1-19. Evaluate the values ot p, g m. r p , of the 6SK7 supercontrol pentode for 
tec* = 100 volts, E b = 250 volts, with E c = -1 volt ; with E c = -10 volts 
1-20. Plot a curve of g m vs. E cl of a 6SK7 with E ee2 = 100 volts, E b = 250 volts 
1-21. Ise the plate characteristics of the 6SJ7 and the 6SI\7 pentodes to con¬ 
struct mutual characteristics on the same sheet, with E b = 200 volts for each 

tube. Determine the maximum and minimum values of g m for each tube in the 
range of your sketch. 

1-22. Plot a curve of g„ vs. E c3 of a 6L7 with E rc , = -6 volts, E cr2 = 150 volts. 
1-23. Refer to Sec. 1-15 for a discussion of secondary emission caused by elec¬ 
tron impact. What happens to the secondary electrons that are produced by 
the impact of the primary current on the anode in a diode? In a triode? 

^1-24. The mercury-condensation temperature in a General Electric type FG- 

57A thvratron is 40°C. If the volume of the tube is 300 cm 3 , calculate the mass 
of the mercury vapor in the tube. 

1-25. a. An OA4G cold-cathode triode is used in the circuit shown, with 
Ebb} = 80 volts, Eib 2 = 120 volts. Determine the largest value of R for which 

the current will transfer to the main anode, for no input pulse. The control i m n 
maintaining potential is 00 volts. H 



Load 


b. Determine the value of the load resistance to limit the load current to the 
rated maximum of 25 ma. 

1-26. A VR-105 regulator tube is incorporated in the circuit shown to maintain 

a constant output potential. The supply potential remains constant at 250 volts 

but the load fluctuates between 40 and 00 ma. Find the value of R so that the 

load potential is steady at lOo volts. Assume that the normal operating range 
ol the tube is 5 to 40 ma. b b 

+ r °-A/VW 

* 

Supply < 
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1-28. An electron starts from rest at the negative plate of a plane-parallel 

capacitor. The potential across the plates is 1.500 volts, and the separation of 
the plates is 2 cm. 

a. Iiow long does it take for the electron to reach a speed of 10 7 m/sec? 

b. How far does the electron travel before reaching this speed? 

c. Through what potential does the electron fall in acquiring this speed? 

1-29. The axial length of the deflecting plates of a cathode-ray tube is 2.5 cm. 

The accelerating potential is 2,000 volts. A sinusoidal potential is applied to the 
deflecting plates. 

a. AY hat is the maximum frequency of this deflection potential, if the electrons 
are not to remain in the region between the plates for more than one-half cycle? 

b. If the frequency of the deflecting potential is 1,000 cps, for what fraction of 
the cycle is the electron between the plates? 

1 “ 3 ?; A . cathode-ray tube that is provided with a postaccelerating anode has 
the following dimensions: l = 2.4 cm. L = 34.8 cm, d = 0.5 cm. The distance 
from the center of the plates to anode A 2 is 5.0 cm, the width of band A 2 is 8.0 cm, 
and the distance from the screen to the intensifier ring is 1.6 cm. 

a. Calculate the deflection on the screen when E al = 2,200 volts, E d = 200 

vo ts, and E a2 = 0 volts. Assume that the intensifier field is axial’and exists 
only in the region between A 2 and /. 

b. Suppose that E, = E , = 1,100 volts. What is the new deflection? 

I j L Supp0 ® e that thc deflection of the cathode-rav tube of Prob. 1-30 is 
p oduced by a uniform magnetic field acting over the distance l. If the deflection 

m^gieVc field. Un C ° n<l,tl0,,S ° f “ 0 is 8 '° cm - ^at is the strength of the 

entire lcm!tl, U '”fTi ti0n pr 1 ° duccd by a tr!,ns '’ersc magnetic field acting over the 
tire length of the cathode-ray tube, what is the magnetic-field intensity? 
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VACUUM TRIODES AND TRANSISTORS 

AS CIRCUIT ELEMENTS 
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2-1. Introduction. The analysis of the behavior of a vacuum-tube 
circuit may be accomplished by two different methods, both of which are 
to be examined in some detail. In one method, use is made of the static 
characteristics of the tube. The second method achieves two forms. In 
one, the tube is replaced by an equivalent potential source and a series 
resistance. The source potential depends on the amplitude of the input 
signal, the internal resistance depending on the tube that is used. In 
the other form, the tube is replaced by an equivalent current source and 
a shunting conductance. The magnitude of the source current depends 
on the amplitude of the input signal, tlie shunting conductance depend¬ 
ing on the tube that is used. 

Although the second methods assume that the tube characteristics are 
linear, the ultimate analyses allow a very clear insight into the operation 
of the circuit. Because of this, the equivalent-circuit methods of analy¬ 
sis are usually considerably more important than the method involving 
the tube characteristics. Moreover, it is possible to estimate the inac¬ 
curacies in the method, when large signal operation is involved. Actu¬ 
ally, the form of analysis is dictated in large measure by the bias of the 
tube, the signal amplitudes, and the characteristics of the load. It must 
be noted that the equivalent-circuit techniques provide no means for 

establishing d-c bias and current levels, and direct recourse to the static 
characteristics is necessary for this purpose. 

An introduction of the methods will be made in terms of the operation 
of the triode, but these will later be extended to the operation of other 
types of tube. A roughly comparable situation exists in analyzing the 
behavior of transistors. Only small-signal considerations will receive 
any appreciable attention now, but the use of transistors in switching 
circuits will receive some attention later in the text 


TRIODES 

2-2. Symbols and Terminology. The simple triode amplifier is illus- 
jrated m Fig. 2-1. Before proceeding with the analysis, it is necessary 
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Fig. 2-1. The basic circuit of a triode 
amplifier. 



to discuss the meaning of the symbols and the general terminology of 
vacuum-tube circuits. 

The input circuit of the amplifier usually refers to all the elements of 
the circuit that exist between the grid and the cathode terminals of the 
tube. Similarly, the output, or plate, circuit usually refers to the ele- 
ments that are connected between the cathode and the plate terminals 
of the tube. In the circuit illustrated, the input circuit comprises the 
input potential source e,, the grid resistor R„ and the bias battery E cc . 

I he plate circuit consists of the 
load resistor and. theglate- 

supply battery E bb ri rfiany 
applications, the input signal e\ 
is a sinusoidally varying potential, 
although the waveshape may be 
nonsinusoidal, and is frequently 
very carefully chosen for a par¬ 
ticular application. 

, . , A variety of potentials, both d-c 

< • lying, are involved simultaneously in a vacuum-tube circuit, making 

T, "XTf'T, , a preci8e ,nethod of ^holing such sources be established. 
v | a °, o\\ercase letters will be used to designate instantaneous 
alues aiu^eapp ai letters will denote either d-c or rms values of sinusoids. 

and l !r P f " a 'u ° Wil1 refC1 ' ,0 the « rid circuit, and the subscripts 6 
7 refei to the plate circuit. Examples of the notation follow: 

Lee = d-c grid, or O bias 

E * “ d " c plate su PPly, or R supply 

sinusoid'd ^ exc ^ a tion potential if this excitation is 

c, = instnntM 10 . 0 ^ a ' ( ° Ufput P° tent ial for a sinusoidal output 

terminal.s° OUS lnpUt s *£ na ^ measured with respect to the input 

tube taneOUS SigUal t * iat a PP ea rs between grid and cathode of 

com P onen t thal appears between grid and 

“ ‘ e”»if* h “ output element of 

i : srr p r ,r - —. 

. direction from cathode Jph*“ u ^^ , ™ ti l ’“‘™ “ 
lb — instantaneous total plate current- ^ . 

_ cathode to plate through load ’ P ° S ‘ tlVe “ dlrectl ° n fr0m 
h - average or d-c current in plate circuit 
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Figure 2-1 illustrates the reference positive-potential polarities and the 
reference direction of current. These reference conditions are an essen¬ 
tial part of the diagram. 

. As a specific illustration of tin* notation, suppose that the input signal 
potential to the amplifier of Fig. 2-1 is , , ^ , 

1 'ovc CYUL 

€\ = e 0 = y/'l K 0 sin ut 

Then the instantaneous grid-cathode potential is r •■h&v 


2 IK sin oj( 



c c = K cr + \ 

Circuits will he discussed in which no such simple relation between grid 
driving signal and grid-cathode potential exists, owing to an involved 
interconnection of circuit elements among the tube elements. 

2-3. Graphical Analysis. Refer to Fig. 2-1, and suppose that the grid 
nput signal Ci = 0. Owing to the d-c sources K cc and Ebb, it will he sup¬ 
posed that there is a current in the plate circuit. This is true only if 
the plate supply K bh and the grid supply K cc are properly chosen. The 
value of this current may he found graphically. In fact, it is essential 
that a graphical solution he used. This follows from the fact that the 
plate circuit of Fig. 2-1 yields the relation 

* ■> ' (2-n 


— Ebb ibRi 




ftp r? o 

However, this one equation is not sufficient to determine the currfmt 
corresponding to the potential K b b , since there are two unknown quantities 
in the expression, e b and i b . 

A second relation between e b and i b is given by the plate characteris¬ 
tics of t he triode. The simultaneous 
solution of Eq. (2-1) and the plate 
characteristics will yield the desired 
current. This is accomplished by 
drawing Eq. (2-1) on the plate char¬ 
acteristics, in the manner illustrated 
in Fig. 2-2. The line that passes 


through the points 



*- e 


ii, = 0 

. K bb 


c b = K 


bb 


lb = 


R 


e b = 0 (2-2) 


Eb E b b 
Fig. 2-2. The operating point Q is 
located at the intersection of the load 
line and the plate characteristic for 
= j . 


is known as the load line.fi> It is obviously independent of the tube char¬ 
acteristics, for it depends only upon elements external to the tube. The 
intersection of this line with the curve for e c = E cc is called the operating, 
or quiescent, point Q. The grid-bias supply E cc is usually such as to 
maintain the grid negative relative to the cathode. The Q current in 


/ 


J. * 1 
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Suppose that the grid-cathode potential is 

e c = E cc -f- y/2 E a sin ut 


ine maximum and minimum values of e c will be E cc + \/2 E a and 

" f 0 ’ res P ec ti v ely. The plate current and the plate potential 

V 9 a 7 , ab ° Ut the values of I b and E b . The graphical construction of 
I ig. 2-3 shows the details of the variations. The values of c 6 and i b for 

any given value of e c are obtained from the intersection of the load line 
and the i b -e b curve for the specified e c . The points a', b', c', etc., of the 
output current and the points a", b" 


c", etc., of the output-potential 



gri d- sig^iai°\vavefoto the points A, B, C, etc., of the input 
relation Tht^ \° S *! OW t^ e several waveshapes in their proper phase 

2 t , K T ld be in p ‘ rti “ l * r ll ““ 

ties so labeled are q nt Values have been labeled. The quanti- 


e o = e c 
e p = e b 


E 
E h 


cc 


(2-3) 


ip — ib — I b 

^IfieT^M, ‘V °' lh « amplification property of the 

t “ m«»«r. of the « output variation,, for a 

given a-c input variation. 

If The current ^ Flg . 2 ‘ 4 uuilcate the following very significant results: 

with each nTfi ^ 1S A r nU ?r aI ’,i hen V and ^ are 180 deg out of phase 
rent i tt * ^ S °’, e driving potential e 0 and the plate cur- 

no tiveT in , p se r? ea l h other - This Simp ‘y states that - when a 

positne signal is applied to the grid, t.hp t.nK fl 
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over, with an increased current in the plate circuit, the potential of the 
plate falls. 

A curve of the intersection of the load line with the static-characteris¬ 
tic curves, which is a measure of the current i b as a function of c r for the 
specified Ebb and load Ri, is important. It is known as the* “dynamic” 
characteristic of the tube circuit and yields directly the output current 

for a given input signal. The construc¬ 
tion is directly related to the construction 
of Fig. 2-3 and is given in Fig. 2-5. The 
corresponding points on both curves are 
similarly marked. 






Fig. 2-5. The dynamic curve and its use 
in determining the output waveshape for 
a given input signal. 


In 

of 


Fig. 2-4. The grid input wave¬ 
shape and the corresponding out¬ 
put current and potential wave¬ 
shapes. 

^—^C^Potential-source Equivalent Representation of a Triode. 

most electron-tube problems, one is interested in tin* “a-c response 
the tube, rather than in the total instantaneous variation of the poten¬ 
tials and current. That is, the values of ? 7< and c t , for a given c a are ordi¬ 
narily desired. It is possible to deduce this information directly from 
the static characteristics of the tube, as discussed in Sec. 2-3. Of course 
if the potential variations an* small, the accuracy of the results will be 
poor, as small changes cannot be read with any degree of accuracy from 
the curves. Moreover, the process may become quite tedious to per¬ 
form, particularly for a reactive load since the load curve is no longer a 
straight line. 

l or small variations in the input potential, the tube parameters 
and g m will remain substantially constant over the operating range! 
Under such conditions, it will he shown that the graphical solution may 
be replaced by an analytic one. Actually, the equivalent analytical solu- 
tion depe nds on the constancy of the tube parameters, rather than on the 
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even under large signal operation provided that the tube parameters 
remain substantially constant. 

Reference is made to Eqs. (1-1/) and (1-18), which specify the varia¬ 
tion in current about the quiescent point in terms of the variation result¬ 
ing from the changes in the plate and grid potentials. This expression, 
which is 


A i h = 


Mb\ , , (di b \ 

— ) A//, -f- ( — 1 Ac, 

dc b/n e \de,/ Eh 


(2-4) 


is only approximate. It specifies only the first two terms of the Taylor 
expansion of the function i b = i b (c b ,c c ). In the general ease, the result is 


Aii, = 


di 

dc 


-) ^ + (P) Ae c 

b/E e \ de c/K b 


+ 2 ! ( del ), (A "’ y ' 


J_ ( \, v’ _i_ d-ib 

2! \ae;A. (ACc) + an dr,. 


Act Ac c + 


(2-5) 


A more informative form is possible, by relating the higher-order terms 
in the expansion explicitly as variations in the plate resistance r p or in the 
mutual conductance g m . Consider the third term in the expansion. By 
combining this with Eq. (1-18), there results 


2 \del Ee 


(A Cl ) 2 = U^) 

2 dc b 


(Ac & ) 


( 2 - 6 ) 


^ hen the tube parameters are sensibly constant over the operating 
lange o A( b and Ac c , Eq. (2-4) is an adequate representation of the varia- 
tion. 1 his may be written, by Eqs. (1-17) and (1-18), as 


~ ~ Ac b + g m A c c 
' v 


(2-7) 


But as the changes about the quiescent values are, respectively, 

A?t = i b — I b — i n 


e c E rr = 


CC - Vg 


( 2 - 8 ) 


then Eq. (2-7) becomes b b E b e p 


or 


l p = — e p + g m e 

' V 


(2-9) 


e P = -ne, + i v r v (2-10) 

This expression shows that the potential e „ comprises two components; 

one is an equivalent generated emf, or electromotance, which is M times 

as large as the grid-cathode potential e „ and the second is a potential 

uinerence across the tube resistance r„ resulting from the current *, 
through it 
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Equation (2-10) may be used as the basis for drawing an equivalent 
network for the tube. This is done in Fig. 2-0. Observe that the plate 
circuit of the tube is replaced by a fictitious potential source with an 
electromotance nc a and an internal resistance r p . Two points are empha¬ 
sized. First, the reference positive polarities and reference current direc¬ 
tion are essential parts of the equivalent-network representation. Sec¬ 
ond, no d-c quantities appear on the diagram, since lie* equivalent-circuit 
representation applies only for changes about the Q point. 

5. Current-source Equivalent Representation of a Triode. The 
current-source equivalent representation of a triode replaces the lube by 




Fig. 2-6. The vacuum triode and its a-c potential-source equivalent representation. 



t 


+ 



Mi 


Tp 


. -Q. eO- 


* - ' • - ■ *** ' - ---- - — - l "' ■ ■ * ■ v. j - . \ II « in n/u , 

a constant-current source shunted by a conductance, instead of the poten¬ 
tial source with a series resistance. The form of the result is easily 
obtained by rearranging Eq. (2-0) into the form 


r 


Qm C 0 h‘ 


P 


( 2 - 11 ) 


This expression shows that the current i p comprises two components; one 
is a generated current which is g M as large as the grid-cathode potential 
e 0) and the second is a current through the shunting tube resistance r p 
because of the potential e p across it. 

Equation (2-11) may he used as the basis for drawing the equivalent 
network of the tube. This is done in Fig. 2-7. Observe that the plate 
circuit of the tube is replaced by a current source with generated current 
g m e u and a shunting resistance r p . Note also that the reference positive 
polarities and the reference current direction are essential parts of the 
equivalent-network representation, as before. 

The reader will observe a striking parallel between the discussion in 
jonjind that in the previous section, except that one section con- 
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fines itself to a potential source and a series internal resistance, whereas 
the present section confines itself to a current source and a shunt con¬ 
ductance (or resistance). This is actually part of a larger pattern which 
exists in general network analysis and which is given the name of duality.* 
If the varying quantities are sinusoidally varying ones, and this will 
ordinarily be assumed unless otherwise explicitly stated, the analysis pro¬ 
ceeds most easily in terms of the phasors (sinors and complex-number 
representation for impedances) of elementary a-c circuit theory. The cir¬ 
cuit notation and certain elements of general network analysis which will 
be found useful in this text are discussed in Appendix A. The reader is 



(«) (&) 

thc'tHmlotU 1 ’ 0 PO !°!' 1 tial " SOUrCe ancl (h) ,hc current-source equivalent circuits of 
uie mode for sinusoidally varying quantities. 


urged to refer t <> 1 his appendix before proceeding. For sinusoidally vary- 
lng j lgna T’ therefore, the tube potentials are expressed in terms of the 
sym >o s E„, and I p , where these boldface symbols are employed to 
eno e sinoi quantities, a symbolism that is adopted in this text. For 

lusou a y \arying quantities, the vacuum triode is given in the accom¬ 
panying two equivalent forms (see Fig. 2-8). 

oj. .linearAnalysis of Electron-tube Circuits. As discussed in Sec. 

, ’ 1 /n ^° S ‘ 1 ) e to determine the a-c response of a vacuum-tube circuit, 
e parameteis of the tube remain substantially constant over the 

pnnfvnL °P eratlon > by replacing the tube by either its potential-source 
• ° r 1 s 1 cunent-sourcc equivalent, and then employing the tech- 

rpi , ^ eneia network analysis in the complete analysis of the circuit. 

. o f tec ™ lque of drawing the equivalent network of any tube circuit 

out thefdetails"^ pr ? C0 ? 8 ’ althou S h care must be exercised in carrying 
helpful* ° aVOK crror » ^ le Showing simple rules will be found 

1. Draw the actual diagram neatly. 

2. Mark the points G P «nrl r fu* i- T , . , 

ao f f + ’ an(1 /v 0,1 tais diagram. Locate these points 

as tne start oj the eciui valent Af • , • ,, . 

. . , m circuit. Maintain the same relative posi¬ 

tion as in the original circuit. 

3. Between points P and K include either the potential-source repre- 


* For an extensive discussion of duality sec W. LePage and S Seely “General 
Network Analyse,” McGraw-Hill Book Company. Inc.. New York M 
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sentation of Iig. 2-8a or the current-source representation of tig. 2-86, 
depending on the preferred form. 

4. Transfer all circuit elements from the actual circuit to the e,,uiva- 
lent circuit, without altering the relative positions of these elements, 
o. Replace each d-c source by its internal resistance, if any. 

Several examples will be given to illustrate the foregoing techniques. 

Example 1. Calculate the output potential E. of the simple amplifier circuit 

given in t ig. 2-9. Note that the technique of drawing tin* equivalent circuit is in 
accord with the rules given above. 
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toe. 2-9. A simple amplifier circuit and its a-c equivalent. The potcntial-s 
equivalent of the tube has be ‘en used. 

A direct application of the Kirehhofif potential law, which requires that the 
algebraic sum ot the potential rises and falls in completing a closed loop must be 
zero, yields directly 

mE u + I(r ; , T- Ri) = 0 (2-12) 

^ ( )te also that 

Ey = Ei t o_i q - ) 

it therefore follows that 

(2-14) 


I = - 


y i, T R 


i 


and the output potential E_> is given by 


E, = 1/6 = - 


ji/?/E, 

r P 4- Ri 




E, 


(2-15) 


i T r p/Ri 

TJie rati° of the output to input potentials E : E, is the amplification, or gain 
ot the amplifier. 1 herefore ” ’ 


K 


l -f y P /Ri 


(2-16) 
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It is of interest to plot this expression, 
which has the form given in Fig. 2-10. 
ft should he observed from this diagram 
that gains which approach g are quite 

feasible with moderate Ri/r p ratios. -■ *- 

I* or values of the ratio —K/ju which are Fio. 2-10. The gain of the amplifier of 
nearly unity, it is required that Ri be * ,g ' as a function of load resistance. 

.nnw thi f Ca , se ’ however - for the tu be to be operated at the proper d-r 
xesistn 611 ev f S> * ie source must be large, and the heating of the tube or load 
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Example 2. Calculate the output potential E 2 of the amplifier circuit eivenin 
Fig. 2-11. 

P 



R l G r 3 

-f r —VVW-f^VvVv 


E 



The Kirchhoff current law is applied to the two junctions. This law requires 
that the sum of the currents at any junction must be zero. The equations are 


Junction G: 


E 2 - E 


E 


Junction P 




2 -*-'y _ ~y 

Rl 


Ey — El 


R 


R 1 


= 0 


E 2 — Ey 


e 2 e 2 


(2-17) 


R 


g m E 0 - - - ^ = 0 


Ri 


Collecting terms gives two equations, 


Ei E 2 

Ri R 3 


. Eb G; + wp}) = 0 


vJ± + ± + ±) 

' \R> ^ r p + ft J 


+ E 


r) ~ 0 


(2-18) 


Combine the equations to get, by eliminating 


0> 


Ei 


Ri 


+ E 


1 


R 


+ 


L + Rp F,)(f, + 7, + i 


The output potential i 


g m - l //? 3 


= 0 


(2-19) 


is 


E 2 = 


~(9m ~ 1/ft 3 )(l//?i) 


R 




E 


( 2 - 20 ) 


The potential gain of this amplifier is 

E 2 


K == —: = 


~ (9m - l/ft 3 )(l/ft,) 


X 


( Sm r)r 3 + Q, + i 2 + iXw + - + ^ 


1 


1 


( 2 - 21 ) 


^3 \fiJi 1 ft 2 1 R 3 /\R 3 1 r p ' ft,, 

redu ppTo fh ^ ^ ^ resistors R x and ft 3 were absent, the circuit would 

l Thus > By setting R , = 0 and R, = co in Eq. (2-21), 

and R tV d “ CeS f ", ,a g ‘T e c n m E( 1‘ (2 - 16 )- Because of the presence of Ri 

A discn« 6 ga f '^° “fu “mphfiar f a « e is lo " er than that given in Example 1. 

what is Wn ° f He ® ffectS ° f deducing these resistors, which have introduced 
" nai is known as neaative feedback will bo Hof Prrpr i llr> tn ^ 
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„ Measurement of Triode Coefficients. As several additional illus- 
. ,tl0ns of the methods ot analysis just discussed, the circuits for obtain¬ 
ing the values of m, r P} and g m of a triode will be analyzed. It should be 
recalled that the triode coefficients, first discussed in Sec. 1-13, were shown 
rt0 be rented to the slope of the static-characteristic curves, according to 
lgs. 1-14 to 1-16. However, the accuracy with which these quantities 
can be measured in this way is not high. Not only do the methods now 
to be discussed yield results which are made under dynamic conditions, 

but the results are usually more accurate than those deduced from the 
static characteristics. 





Fig. 2-12. The Miller bridge and its equivalent circuit for determining the aniplifica- 
10n factor cf a triode under operating condit 


ions. 


The amplification factor n is readily determined by means of the cir¬ 
cuit given in Fig. 2-12. The operations involved in balancing the bridge 
consist simply in varying R , and R, until no signal from the oscillator's 
heard in the earphones. When this condition prevails, the plate current 

Ip = 0. Then the potential E„ = IK ,. By applying Kirchhoff’s law to 
the plate circuit, 

— gE 0 + I/f 2 = 0 
or 


+ mE, = I R, = /iltfj 


It follows from this that 


M = 


R 


R x (2-22) 

This measurement may be effected for any desired d-c current in the tube 
Mmply by adjusting the grid bias E cc . 

The transconductance g is measured by means of a bridge circuit that 
a slight modification of Fig. 2-12. The addition of a resistor R :s 
een e plate and cathode makes this measurement possible The 
schematic and equivalent circuits of this bridge network are given in 

■LULll 13 ' The measurement is acco mplished by adjusting the resistors 
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"^earphones 


operating clndiUons" f ° r de ‘ Crmining the ^conductance of a triode under 


By applying Kirchhoff’s law to the several loops, there results 


But the potential is 


-T I p r p — nE a = 0 


Then 


E, = IR l 


y 


Also, it follows that 


Ip(^ 3 + r p ) = ulRi 


(2-23) 


IR 2 - I p R 3 = 0 


or 


■} 


1R2 = 


The ratio of Eq. (2-23) to Eq. (2-24) is 


(2-24) 


R3 + T 


from which 


R 


p R 1 

M R 2 




i 


(2-25) 


Although this bridge may be used to evaluate r p , the result would be 

t°V^ e D meaSUrement of If - however, A, is chosen in such 
a way that nR./R, » i_ then approximately 


_j_ R3R1 


r v~U- 


R 


or 


M 


g m ~ ~ = 


R 


(2-26) 


r p R2R1 

The plate resistance r p of the tube can be measured directly by incor¬ 
porating the plate circuit of the tube as the fourth arm of a Wheatstone 
bridge, as shown in Fig. 2-14. When the bridge is balanced, 

RzR* 
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efr™' tz tir"' tr. vid<l -*«to.. 

balancing ,hc»e ' effort,'' B™™”' '* mmr *° Pr “'' id ‘' " 


however, the circuits are those given. 

2-8. Harmonic Generation in a Tube. 

The equivalent-linear-circuit analysis 
of Sec. 2-4 usually permits an adequate 
solution ot an amplifier circuit when the 
limitations ot the method are not ex¬ 
ceeded or if relatively slight differences 
are considered of no importance. There 
are occasions when it is desirable to 
examine critically the effects of the 

assumptions. 



r t 



k 


^r E bb 





<$> -- 


l ie. 2-14. A \Vlu\-itstono hridg,. for 
determining the plan* ivsistanre of a 
inode under operating conditions. 


The assumption of linear operation, which is implied in K„ (•>_,, .,„d 

curxint'Tf" 1 ^ ^ terms in th ° Ta -'' io >- ^pansion of‘the 

wh h n" ' 6 u ,C n0gllglble ’ 18 not ahva >' s valid - This assumption 
J Kh allotted the graphical solution of Fig. 2-5 to be replaced In- the 

nalyt.cal one ol I-ig. 2-6, requires that the dynamic characteristic of the 
amphher circuit be linear over the range of operation. Actually the 
ynamic characteristic is not linear in general but contains a slight ctirvi- 
die. 1 his nonlinear characteristic arises because the (i, C k) stmi,. 
acteristics (see Fig. 2-3) are not equidistant lines for constant /interval- 
over the range of operation. The effect of this nonlinear dynamic d ‘ ! 
aeteristic is a nonsinusoidal output waveshape when the immt «• *’•' 

sinusoidal. Such an effect is known as nonlinear , or amplitude di V° ‘ S 
It is possible to obtain a measure of the degree - 
results from the existence of the nonlinear dvS c cur" T? J 
it is observed that the dynamic curve with respect to the n • . HS ’ 
expressed by a power series of the form ^ Q P ° mt ma >’ he 


ip a i e o “b a zCg -f- 


• • 


(2-28) 


/ 

Clearly, if all terms in this series vanish except the first then ,1 

assumptions of the equivalent-circuit concept result Tt !"‘ ear 

that triodes, when operated under normal conditin x ‘ found 

«pre«d by retaining the first .wto™„ST’ “ y '* 

ctfiodo potential become, positive or p ', he grid- 

• biaa that the very carved portlo, rt M c m ",° P ‘' , '* ,Cd ™ h 
b. employed, more thin two Wr “ m« ) »>»« 

-.bat ,be 
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operating conditions. If the dynamic curve contains an extreme curva¬ 
ture or if the operation is over an extreme range, it is sometimes found 
preferable to devise special methods of analysis. For example, such spe¬ 
cial methods must be used in the analysis of a tuned class C amplifier. 

Suppose that the dynamic curve may be represented as in Eq. (2-28), 
and consider that the input wave is a simple cosine function of time, of 
the form 

e 0 = E om cos cot (2-29) 

By combining this expression with Eq. (2-28) and expanding the higher- 
order powers of the cosine that appear in the resulting series, the result 
may be shown to have the form 

= If, -b Bo -b B i cos cot ~b B 2 cos 2 cot B 3 cos Scot ~b • • * (2-30) 

If it is assumed that the excitation potential is a sine function of the time 
instead of the cosine form chosen, the resulting Fourier series represent- 



Fig. 2-15. The construction for obtaining the plate-current values to be used in the 
five-point schedule for determining the Fourier coefficients. 

ing the output current will be found to contain odd sine components and 
even cosine components. 

A number of different methods exist for obtaining the coefficients Bo, 
B 1 , B 2 , etc. One of the more common methods is best discussed by 
reference to Fig. 2-15. It will be assumed for convenience that only five 
termSj Bo, B 1 , B 2 , B 3 , B 4 , exist in the resulting Fourier series. In order 
to evaluate these five coefficients, the values of the current at five differ¬ 
ent values of e a are required. The values chosen are 7 max , I b , I-v, 
an d / min and correspond, respectively, to the following values of e 0 : the 
maximum positive value; one-half the maximum positive value; zero; 
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It is evident from the figure that the currents are those chosen as shown 
at the angles 


o 

II 

"3 

l b ~ /,„„ 

"'=1 

l i — I y. 

--2 

•O 

II 

•O 

2 t r 

1 = ~3 

lb — I - 

II 

3 

lb I inio 


(2-31) 


By combining these results with Eq. (2-30), five equations containing five 

unknowns are obtained. The simultaneous solution of these equations 
yields 


= 1 6 (L, + 2/ h 4- 2/_u + / fnin ) — / 6 

= hi (/..MX -f /•. — /-H — /min) 

= 1 4 (/max — ^/^ + / lnin ) 

£3 = 1 6 (/.nax - 2/1 /2 + - / mio ) 

/^4 = 1 12 (/max — 4/l., 4" — 4/_!... -f- / nu J 


(2-32) 


The percentage of harmonic distortion is defined as 


d 2 = I? X 100% 


/>:, = 


B, 


Y X 100 % 


n b a 

l >* = g-* X 100 <2 


/o 


(2-33) 


where D, (s = 2, 3. 4, . . .) represents the per cent distortion of the 
sth harmonic and the total distortion is defined as 


d = vm + M+m+rr. 


(2-34) 


For the ease where a three-point schedule is sufficient, and as already 

indicated, this would apply for a triode under normal operating condi- 
tions, the analysis yields the expressions 


B\ - >9 (/max — /,„!„) 

B 2 = Bo = >4 (/_ _ 2 I b 4- / min ) 


(2-35) 


TRANSISTORS 1 


2-9. Introduction. In small signal applications, the analysis of the 
behavior of a transistor in a circuit is usually accomplished in terms of a 
tour-terminal network equivalent of the transistor. In such an analysis 
the performance is characterized by measurements at each of two nair,’ 
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at each pair of terminals. If, therefore, two of the variables are fixed, 
the other two are thereby specified. Since three terminals are available 
in the transistor, viz., the emitter, collector, and base, six ways of describ¬ 
ing the network exist, depending upon the dependent (or independent 1 
variables which are chosen. 

In the case of the vacuum tube, potentials are used as the independent 
variables, the grid and plate currents being the dependent variables. 
The d-c sources of power are of relatively low internal impedance in order 
to provide constant potential, independent of load. In those applications 
where truly constant potential may be required, electronically regulated 
power supplies are employed. 

The transistor is analyzed as a current-controlled device, the electrode 
potentials being the dependent variables. It is not possible to generalize 
considerations for transistors, since the point-contact type transistor is 
sufficiently different in characteristics from the junction Type to require 
separate considerations. The point-contact transistors are supplied 
from high impedance sources. This is necessary, since the feedback 
inherent in these devices is such that, with low source impedances, oscil¬ 
lations may occur. That is, the point-contact transistor may be short- 
circuit unstable. The junction transistor does not suffer from this 
limitation. 

Although there are six possible sets of curves depicting the potential- 
current relationships of the transistor, four sets are sufficient to provide 
the significant properties of the device. A set of the four important 
static-characteristic curves of a typical point-constant transistor are 
given in Tig. 2-10. The important static characteristics of a p-n-p 
diffused junction transistor are given in Tig. 2-17. 

As noted, the transistor is a current-controlled device, and its static 
characteristics are expressed by the relations 


E t = E'(I',I C ) 

Ec = £.(/„/.) 


(2-36) 


where the independent variables /, and l c are the total values of emitter 
and collector currents, respectively, and E r and E c are the corresponding 
values of emitter and collector potentials measured with respect to the 
base. For small signal variations, these functions may be expanded in a 
Taylor series and only the first-order terms retained in the expansion. 
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1000 
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Condition: 


E t 
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> 


Base current 


°r’p'*,c 0 + 


Jr 

^ ?OX 


20 
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0.1 
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Collector currervf-ma 
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Fig. 2-1 7c. Type CK727 p-n-p junction-transistor parameters. {Uaylheon Mfg. Co.) 
f^om which there are defined the coefficients 


- - (£), 


r 12 = 


r 2 i = 


7-22 = 


dEe\ 

dlc/ic 

dEe\ 

dE\ 

Me),. 


(2-38) 


In the light of these expressions, Eqs. (2-37) attain the form 

fe = r n i e -f r v2 i c 

e c = r u i e 4- r 22 i c (2-39) 

These expressions admit of ready interpretation, as will be seen in the 
next section. 

2-10. Four-terminal-network Considerations. Before considering the 

network, certain of the general properties of a four- 
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terminal network are examined. Refer therefore to Fig. 2-18. The 
general Z-system representation of this network is the equations 


(2-40) 



Ei — Znli + Z12I2 

E 2 = Z21I1 + Z22I2 

If the network is passive, Z 12 = Z 21 ; but this reciprocal relation does not ^ 
apply for an active network, or a net¬ 
work which contains vacuum tubes or 
transistors. In these expressions the 
currents and potentials are assumed to 
be sinusoidal, the subscripts 1 referring 
to the input terminals, and the sub¬ 
scripts 2 referring to the output termi¬ 
nals. The Z coefficients, Z u , Z 12 , Z 2 i, 
and Z 22 , are the open-circuit driving 
point, feedback, transfer, and output 
impedances, respectively. 

A number of equivalent circuits are 
possible, each of which is expressible in 
terms of these same general equations. 

Three such circuits are given in Fig. 


(a) 
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(c) 


Fig. 2-18. A general four-terminal 
network. 


Fig. 2-19. Three networks which are 
potentially equivalents of the simple 
four-terminal network. 


2-19. The controlling equations are given by: 
Fig. 2-19a: 


(2-4la) 


Fig. 2-196: 


(2-416) 


Fig. 2-19c: 


(2-4 lc) > 


Ei — Z U I X -\- Z12I2 
E 2 = Z 21 I 1 + Z 22 I 2 
E! = (Z a -f Z 6 )l! 4 - Z b I 2 

~ T* Z w )I t 4 - (Zb 4" Z e )h 
Ex = (Z. 4- Z b ) I, 4 - z fe I 2 
E 2 = (aZc 4- Z b )l, 4 - (Z b 4 - Z C )I 

A number of other equivalent circuits are possible. However, it is found 
that the three circuits shown may be conveniently applied to the transistor. 

In the adaptation of the foregoing general considerations to transistors, 
it is found convenient to assume that the transistor parameters are purely 
resistive. This is not a valid approximation at the higher frequencies, 
and some of the modifications necessary will be discussed later. Also, 
corresponding to the parameters 
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transistor pa.iumctors, in addition to those already introduced in Eqs 
(2-38) and (2-39), will be found important: 

A resistance r c associated with the emitter lead 
A resistance r c associated with the collector lead 
,A resistance r h associated with the base lead 
A resistance r m [defined as in Eq. (2-196)] 

The current amplification a defined as (di c di c ) Hc 

The foregoing parameters vary considerably (see Fig. 2-17c) and must be 

specified at the operating point used; also they are usually positive. 

Typical values for a point-contact transistor and the junction transistors 
are given in Table 2-1. 

TABLE 2-1 

TYPICAL TRANSISTOR OPERATING PARAMETERS 


Typo 


Point eontaei, /i-typ< 



n-p-ri junction 



p-n-p junction 



1 )-<• operating points 

('ircuit parameters 

/, = O.G ma 

rc = 2 10 ohms 

I ■ = —2 ma 

1 r c = 19,000 ohms 

E, = 0.7 volt 

f'b = 290 ohms 

E c = —-10 volts 

r„ x = 3 1,000 ohms 


i « = 1.79 

1 I f = — 1.0 ma 

r f = 25.9 ohms 

/,- = 0.95 ma 

= 1 X 10 6 ohms 

E c = —0.1 volt 

r b = 240 ohms 

E c = 4.5 volts 

« = 0.9785 

/, = 1.0 ma 

r< = 32 ohms 

Ic = 0.95 ma 

r c = 1 X 10 6 ohms 

E f = 0.1 volt 1 

r e = 400 ohms 

E e = —5.0 volts 

a = 0.98 


2-11. Grounded-base Equivalent Circuits. Consider a transistor with 
the emitter and base electrodes as the input terminals and the collector 
and base electrodes as the output terminals. It is assumed that the 
electrodes are biased at their prescribed d-c values. The a-c response 
of the system is specified by Eqs. (2-39), when the factors are appro¬ 
priately specified. The transistor, and three equivalent networks are 

given in Fig. 2-20. The corresponding controlling equations are the 
following: 

I'ig. 2-206: = r u i e + r l2 i c 

e c = r-nie + r 22 i c (2-42 a) 

Fig. 2-20c: 6 e = (r. + rOt. + r b i c 

(r h 4- r-AE -I- (r b -f r c \i r (2-426) 
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e e = ( r e + r b )i e + r h i c 

e c = ( ar c + r b )i e + (r b + r c )i, 


(2-42 c) 


From this set of equations, the following relation is readily deduced: 


a = — = r21 ~ n 

r c r c 


(2-43) 


Also, from the second of Eqs. (2-426), the quantity a: is given by 


fa) e e 



'«-(£) = - 
\diJ E . 


r 21 
7*22 


(2-44) 


Then 


a = 


OtT 22 — T b 


(b) 


which is 


r 22 


r J2 V C 


r 2i t e 


a = 


ot(r b + r c ) — r b 


= ot + (a — 1) — 

r c 


(2-45) 


'm t e 


(*) 


Fig. 2-20. The grounded-base tran- 
networks!^ ^ P ° tentia11 ^ ^-alent 


+ r ^ >>+ Attention is directed to the fact 

( c ) e& rrnle , e that, for the point-contact transis- 

< c tor, a may be greater than unity. 

L --- ) For the junction transistor, a is 

i e -+ . • slightly less than 1, whence in this 

4-r-^-1-r-wv-, 

+ r e ^|+ case a = a. 

fd) e e < L^yJ e A rough correspondence can be 

I ai^-> 9 drawn between transistors and ? 

Fi« 9 9 n tu ---■ vacuum-tube triodes. If the emit- 

sistor, and three potSlfequivalent iS COnsidered ' t0 be rOU S hly 

networks. analogous to the cathode, the collec- 

, , , tor roughly analogous to the plate, 

an e ase i oughly analogous to the grid, then the grounded-base tran¬ 
sits or is roug y analogous to the grounded-grid triode. The analogy is 
i asona y gooc, since both possess low input impedance and high effective 
in erna ance and no change in signal polarity occurs in transmission. 

n ac , y ex en ing the correspondence noted, the corresponding w 
F^g 2^21 10nS ° r trans ^ stors anc * vacuum tubes are as illustrated in 

nf • Grounded : emitter Equivalent Circuits. The schematic diagram 
of the circuit and five potentially equivalent networks are given in Fig. 

’ . 11 ° U u ^ le figures labeled c and the two figures labeled d are I 

differenti' & ex “ ept tbat cer tain circuit parameters have been 

;“ tly , CO f ned ' [ 0bserve from Fig. 2-226, c-1, and d-1 and the 
corresponding forms of Fig. 2-20 that tfte equivalent-circuit elements for. 
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each internal branch of the T equivalent are independent of the connec¬ 
tion and depend only on the transistor element. For this reason the same 
elements r b , r c , /*,, and r„, appear in the network configurations, although 
the manner of interconnection depends on the transistor input and output 
terminals. 

For the circuit of Fig. 2-22 b 


Ci = r' n i i + r' 12 i 2 
e-z = r' 21 i i -f r' 22 z 2 


(2-40) 


A comparison of Fig. 2-22c-l with Fig. 2-20c is possible. 


ci = — e e i e = — (t*i + ii) 

@2 C c € c Xc ^2 


Note that 

(2-47) 


Now combine with Eqs. (2-42 b) to get 


ci = ( r b + r e )ii -b r e i 2 

c 2 = (r e — r m )ii -b (r c + r c — r m )i 2 

Therefore it follows that 



r'n = r b + r c = r 12 -b (fn — r u ) = r n 

r 12 = r e — r ll — r \2 

r'n = r e - r m = r u - r 2l 

r 22 — r c -\- r e — r m = rn + r 22 — — r 2 1 


(2-49) 


This permits the elements of the equivalent network of the grounded- 
emitter transistor to be expressed in terms of the elements of the grounded- 
base transistor. 1 

A word is in order regarding the grounded-emitter configuration and 4 
the corresponding grounded-cathode circuit, as indicated in Fig. 2-21. 
Both circuits possess comparatively high input impedance and high 
effective internal impedance, and there is a phase reversal of the signal 
potential in transmission. For the point-contact, transistor for which 
a > 1, *h e analogy is only moderately exact, since feedback exists. In 
fact, the open-circuit internal impedance .is usually negative, unless 
resistance is added to the collector lead. 

Another feature of the grounded-emitter point-contact, transistor is its 

ability to transmit a signal in the reverse direction with some power gain. w 

That is, power gain is possible with the positions of the input signal and 
the load reversed in a circuit. 

2-13. Grounded-collector Equivalent Circuits. The third possible 

connection of the transistor is the grounded-collector configuration. A 
number of potentially equivalent networks of this connection are con¬ 
tained in Fig. 2-23. Here the circuits c-1 and c-2 are substantially * he 
same except for the different combination of several of the circuit parade- ! 






86 


ELECTRON-TUBE CIRCUITS 


[Chap. 2 


as the cathode follower. The characteristics are high input impedance, 
low output impedance, and no change in the polarity of the signal 
potential through the amplifier. 

For the point-contact transistor, as a increases, the analogy deteriorates 
and transmission is possible in both directions. When a > 2, the trans- 
mission in the reverse direction becomes greater than that in the forward 
direction. Forward transmission occurs without change in signal 
polarity, while the polarity is inverted for transmission in the reverse 
direction. 

When the emitter is the output electrode, it does not carry much a-c 
current. As a result, the power output is somewhat lower than that for 
other connections of the transistor. 

Example. Compare the r parameters of the n-p-n junction transistor (see 
Table 2-1 for values) for the three basic transistor connections. 

Solution. The results are written down for the known forms contained in Eqs. 
(2-42c) for the grounded-base circuit, Eqs. (2-49) for the grounded-emitter 1 
circuit, and Eqs. (2-53) for the grounded-collector circuit. These results are 
tabulated as follows: 


Circuit 

Parameter, ohms 

r i i 

rn 

r 2 1 

r 2 2 

Grounded base. 

Grounded emitter. 1 

Grounded collector. 

200 

! 200 

13.4 X 10 6 

240 

26 

0.288 X 10 6 

13.1 X 10 6 
-13.1 X 10 6 
13.4 X 10 6 

13.4 X 10 6 
0.288 X 10 6 
0.288 X 10 6 
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problems 

2-1. A 6C5 triode is used in the circuit of Fig. 2-1, the plate characteristics of 
which are given in Appendix B. 

a. W ith Lu> = 300 volts, E cc = —8 volts, Ri = 20 kilohms, draw the load line, 
and locate the operating point. Plot the dynamic characteristic of the circuit. 

b. If e x = G sin 10,000/, determine the output current graphically and plot the 
curve as a function of oil. 
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c From these curves, determine and plot the instantaneous plate potential 
for the same interval as in part b. Check the phase relation between a-c com¬ 
ponents of grid potential, plate current, and plate potential. 

2-2. The characteristics of a given triode may be represented by the expression 


ib = 8.8 X 10- 3 (c 6 + lfir,) 1 5 


ma 


S 

It is to be operated at a plate potential E b = 250 volts and a grid-bias potential 
— 9 volts. 



i 
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а. Calculate the plate resistance of the tube. 

б . If this tube is used in the circuit of Fig. 2-1 with a load resistance 
Ri = 10 kilohms, determine the plate supply potential necessary for the tube 
to be operating under the specified conditions. 

c. Suppose that the grid driving source applies a potential e\ = 8 sin o)t to the 
grid. Determine the a-c potential across the load resistor. 

2-3. Draw the potential-source equivalent circuit of the electron-tube circuits 
in the diagrams on page 87. 

2-4. A type 6A3 triode is used in an amplifier circuit to supply power to a 
3,000-ohm resistor. In this circuit E cc = —45 volts, E bb = 350 volts. A 45-volt 
peak a-c signal is applied to the grid. 

a. Plot the dynamic curve of the tube. 

b. Assume that only the fundamental and a second harmonic exist in the out¬ 
put. Determine the magnitudes of each. 

c. Plot a curve showing the output current for the sinusoidal input. On the 
same sheet, plot the corresponding results from the calculations in part b. 

2-5. It is possible to obtain a five-point schedule for determining the coeffi¬ 
cients Bo, B \, B 2 , B 3 , Bi by almost any sensible choice of angle. Determine the 
five-point schedule for determining the coefficients B in terms of /maz) Io.707 } 1 by 

1 — 0. 707) /min. 


CHAPTER 3 


BASIC AMPLIFIER PRINCIPLES 


3 -l. Classification of Tubes and Amplifiers. The classification of an 
amplifier is usually somewhat involved, owing to the fact that a complete 
classification must include information about the tubes that are used the 
conditions of the bias, the character of the circuit elements connected to 
the tubes, the function of the circuit, and the range of operation. Cer¬ 
tain of these factors will be discussed here, but many will be deferred for 
later discussion. 

Apart from the wide variety of vacuum tubes of the diode, triode - 

tetrode, pentode, beam, hexode, heptode, and multiunit types and the 

varied power capacities of each type, it is possible to classify the tubes 

according to their principal applications. Tubes may be classified 

roughly into five groups, viz., potential-amplifier tubes, power-amplifier 

tribes, current-amplifier tubes, general-purpose tubes, and spccial-nur 
pose tubes. F 

1 . Potential-amplifier tubes have a relatively high amplification factor 

and are used where the primary consideration is one of high potential 

gain. Such tubes usually operate into high impedance loads either 
tuned or untuned. ’ 

2. Power-amplifier tubes are those which have relatively low value, nf 

A A 1 . * 1 1 resistance. They are 

poSL. “" lr0l “ ng « reasonably high plate 

3. Current-amplifier tubes are those which are desicm^ + „ • i 

change of plate current for a small grid potential let he ^ ^ 

transconductance. These tubes may te SS 

Plate currents. Such tubes find application as both potenlfal an^powS 

^SS. the ^ ^ and « in 

mttmeXte'f i P ° Se “|, plifier i tu f be » are whose characteristics are 
intermediate between the potential- and the power-amplifier tubes 

able y to nUSt ^ Ve a reaS ° nably high am Phhcation factor and yet must be 
able to supply some power. 

5. Spe cial-purpose tubes include a wide variety of types. The hexod > 
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Amplifiers are classified according to their frequency range, the method 
of tube operation, and the method of interstage coupling. For example, 
they may be classed as direct-coupled amplifiers, audio-frequency (a-f) 
amplifiers, video amplifiers, or tuned r-f amplifiers if some indication of 
the frequency of operation is desired. Also, the position of the quiescent 
point and the extent of the tube characteristic that is being used will 
determine the method of tube operation. This will specify whether the 




¥ 

Fig. 3-1. Amplifier classification in terms of the position of the quiescent point of 
the tube. 




tube is being operated in class A, class AH, class B, or class C. These 
definitions are illustrated graphically in Fig. 3-1. 

1. A class A amplifier is an amplifier in which the grid bias and the a-c 
grid potentials are such that plate current flows in the tube at all times. 

2 . A class AB amplifier is one in which the grid bias and the a-c grid 
potentials are such that plate current flows in the tube for appreciably 
more than half but less than the entire electrical cycle. 

3. A class B amplifier is one in which the grid bias is approximately 
equal to the cutoff value of the tube, so that the plate current is approxi¬ 
mately zero when no exciting grid potential is applied, and such that 
Plate current flows for approximately one-half of each cycle when an a-c t 
grid potential is applied. 

4. A class C amplifier is one in which the grid bias is appreciably 
greater than the cutoff value, so that the plate current in each tube i s 
zero when no a-c grid potential is applied, and such that plate current 
flows for appreciably less than one-half of each cycle when an a-c gr i(1 
potential is applied. 

To indicate that grid current does not flow during any part of the input 
cycle, the subscript 1 is frequently added to the letter or letters of the 


v 
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does flow during some part of the cycle. For example, the designation 
class ABj indicates that the amplifier operates under class AB conditions 
and that no grid current flows during any part of the input cycle. 

Potential amplifiers, whether tuned or untuned, generally operate in 

class A. Low-power audio amplifiers may he operated under class A and 

with special connections, under class AB or class B conditions. Tuned 

r-f power amplifiers are operated either under class B or under class C 

conditions. Oscillators usually operate under class C conditions. A 

detailed discussion is deferred until the appropriate points in the text 

When a tube is used essentially as a switch, no classification is ordinarily 
specified. 

3-2. Distortion in Amplifiers. The application of a sinusoidal signal 
to the grid of an ideal class A amplifier will he accompanied by a sinus¬ 
oidal output wave. Frequently the our put waveform is not an exact 
replica of the input-signal waveform because of distortion that results 
either within the tube or from the influence of the associated circuit. 
The distortions that may exist either separately or simultaneously are 
nonlinear distortion, frequency distortion, and delay distortion. These 
are defined as follows: 

1 . Nonlinear distortion is that form of distortion which occurs when 
the ratio of potential to current is a function of the magnitude of either 

2 . Frequency distortion is that form of distortion in which the change 
is in the relative magnitudes of the different frequency components of a 
wave, provided that the change is not caused by nonlinear distortion 

3. Delay distortion is that form of distortion which occurs when the 
phase angle of the transfer impedance with respect to two chosen pairs 
terminals is not linear with frequency within a desired range, the time of 
transmission, or delay, varying with frequency in that range 

In accordance with definition 1, nonlinear distortion results when new 

frequencies appear in the output which are not present in the input signal 

These new frequencies arise from the existence of a nonlinear dynamic 
curve and were discussed in Sec. 2-8. 


frequency distortion arises when the components of diderent fre 
•luency are amplified by different amounts. This distortion is usually 
a function of the character of the circuits associated with the amplifier 
the gam vs. frequency characteristic of the amplilier is not a horizontal 
straight lme over the range of frequencies under consideration, the circuit 
is said to exhibit frequency distortion over this range 

Delay distortion, also called phase-shift distortion ?results from the fact 

that the phase shift of waves of different frequency in the amplifier is 

, “'lent- Such distortion is not of importance in amplifiers of the a-f 

type, since delay distortion is not perceptible to the ear. It, is ve.v 
objectionable i * 



oration. 
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as, for example, in television or facsimile systems. If the phase shift is 
proportional to the frequency, a time delay will occur although no dis¬ 
tortion is introduced. To see this, suppose that the input signal to the 
amplifier has the form 

6 \ — Emi sin ( cot -J- 0i) E m 2 sin (2c ct -b 02 ) -[-••• (3-1) > 

If the gain K is constant in magnitude but possesses a phase shift that is 
proportional to the frequency, the output will be of the form 


€2 — KE m 1 sin {cot H - 0i “b H - KE m 2 sin (2a )t -b 02 "t~ 2^) 


This output potential has the same waveshape as the input signal, but a 
time delay between these two waves exists. By writing 


<i)t' = cot -b \j/ 


then 


62 — KE m i sin {cot' -|- 0i) -f- KE m 2 sin { 2 cot' -b 02 ) ~b 


• • 


( 3 ^ 2 ) ^ 


This is simply the expression given by Eq. (3-1), except that it is referred 
to a new time scale l '. Delay distortion, like frequency distortion, arises 
from the frequency characteristics of the circuit associated with the 
vacuum tube. 

It is not possible to achieve such a linear phase characteristic with 
simple networks, but it may be approximated with special phase-equal¬ 
izing networks. 

3-3. The Decibel; Power Sensitivity. In many problems where two 
power levels are to be compared, it is found very convenient to compare 
the relative powers on a logarithmic rather than on a direct scale. The 
unit of this logarithmic scale is called the bel. A decibel , which is abbre- jj 
viated db, is bl 0 bel. By definition, two power sources are in the ratio 
of N .bels, according to the relation 


or 


Number of bels = 



Number of db = 10 logio 


Pt 

P 1 


(3-3) 


It should be emphasized that the bel or the decibel denotes a power ratio. ^ 
Consequently the specification of a certain power in decibels is meaning- 
less unless a reference level is implied or is explicitly specified. In com¬ 
munication applications, it is usual practice to specify 6 mw as the zero 
reference level. However, any power may be designated as the zero 
reference level in any particular problem. 

Suppose that these considerations are applied to a power amplih er > 
with P 2 the output power and Pi the input power. This assumes that 
the input circuit to the amplifier absorbs power. If the grid circuit does 
not absorb an appreciable power, then the term decibel aain of theam 
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fier means nothing. Under such conditions, it is customary to speak of 

h ' i defiaed “ the rati0 of the Po«'er output to the 
square of the input signal potential. Thus 


Power sensitivity = ~ mhos 

1 


(3-4) 


where P 2 ,s the power output in watts and A’, is the input signal rms volts 
P _ i e /' llpU ] p“ t / P o t lmpcdances are ^ual resistances, then 

no,:* 2 , a rr t E ' /R ’ ^ Ei a ' ld E ' are the out Put and input 
potentials. Under this condition, Eq. (3-3) reduces to 


Number of db = 20 log , 0 


E t 




(3-5) 


In general, the input and output resistances are not equal Despite 

this, this expression is adopted as a convenient definition of the decibel 

potential gain of an amplifier. It is essential, however, when the gain of 

an amplifier is discussed, that it be clearly stated whether one is referring 

to potential gain or power gain, as these two figures will be different in 
general. ’ 

Many of the considerations of the foregoing sections are best illustrated 
by several examples. 


^ Example 1. Calculate the gain of the grounded-grid amplifier circuit of Fig. 


I 




V 'I 0 ' 3 ‘ 2 ' 8 £ ematic and eC1UivaIeQt of a grounded-grid amplifier. 

Solution. ThefdqujValent circuit of the amplifier is Hr 
rules of Sec. 2-6 ai^tBatWn in Fig 3-26 Th!™ ? ac , co f dln 6 *0 the 
potential law to tke equivalent circuit yields PpllCatlon of the Kirchhoff 

Also from the diagram f' ~\ } f'F ^ + + = 0 (3-6) 

(3-7) 


Combine the two equation^ to find 


- -E, + I ft, 
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The plate current is then given by 

! = _Ei( m + 1) 

r p 4- (m 1 )R a + Ri 

The corresponding output potential is 

E, = I R, = - (M + l)g|E, _ 

Oi + \)R, + r p + R, 


(3-8) 



(3-9) 


1 he gain, or potential amplification of this amplifier, which is the ratio of the 
output to the input potential, is 




R 0 + - 


r P 4- Ri 


m + 1 


The input impedance is given as the ratio E,/I and is 




r j> 4~ Ri 

M + 1 


+ Rg 


(3-10) 


7 

(3-11) 


which, for small R 0 , is quite small. This means, of course, that heavy loading of 
the driving source may exist if R 0 is small. 

It is of interest to compare the results of this example with Example 1 of Sec. 
2-G. Observe that it is possible to apply the signal either in the grid circuit or 
in the cathode circuit and still achieve operation of the tube, although the input 
impedance is different in the two cases. 

Example 2. A type 6J5 triode for which n = 20, r p = 7,700 ohms is employed 
in an amplifier, the load of which consists of an inductor for which Rl = 1,000 
ohms and L = i henry. Calculate the gain and phase shift of the amplifier at 4 

® rad/sec and w = 10,000 rad/sec. Draw the complete sinor diagram | 
of the system. The input signal is 6 volts rms. 





in^H^fl^rom«^A+ SC ^ ern o t rv^ an ^ ec l u * va l e nt circuits are shown in the accompany¬ 
ing diagrams. At w = 2,000 rad/sec, 




I = 


120 + j0 


'»700 + (1,000 -f j‘2,000) 
The output potential is 


= 13.1 — j'3.01 ma 



E 2 = -(1,000 +;2,000)(13.1 - ,'3. 
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The gain is given by 



30.1 -129.5 


6/0 


5.01/- 129.5° 


The potential sinor diagram has the form shown in 
rad/sec, 


the sketch. 


At uj 



10,000 


J = _120 +j0 

7,7oo + (i.ooo + JuT.obo) ~ 5,94 _ - ,0 ' 83 11 

The output potential is 

= -(1,000 + >10,000)(5.94 - >6.80) X 10 3 
= -(74.2 + jo'Z.G) 

= 90 . 8 / ~ 144 . 7 ° 

The gain is given by 


90.8/- 144.7° 

K = - 6/0 - 15 . 1 /^ 44 . 7 ; 


The potential sinor diagram has the form of the accompanying diag 


ram. 



The results are tabulated for convenience 

cates the presence of frequency distortion since the oV * f° n resu ts * n( ^‘ 

*<" - aim aw b „h !"“"ZlSf " d f 

tnis amplifier. 


.. ,— —; sec is 

Also, phase-shift distortion exists in 


U) 

Gain and phase 

Potential db gain 

2,000 

5.01/ —129.5° 

14 db 

10,000 

15.1/ —144.7° 

23.6 db 
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3-4. Interelectrode Capacitances in a Triode. It was assumed in 
the foregoing discussions that with a negative bias on the grid the grid 
driving-source current was negligible. This is generally true if one 
examines only the current intercepted by the grid because of its location 
within the region of the electron stream. Actually though, owing to the , 
physical proximity of the elements of the tube, interelectrode capacitances 
between pairs of elements exist. These capacitances are important in the 
behavior of the circuit, as charging currents do exist. 

Owing to the capacitance that exists between the plate and the grid, 
it is not true that the grid circuit is completely independent of the 

+ 

E 2 


Fig. 3-3. Schematic and equivalent circuits of an amplifier, including the inter- 
electrode capacitances. 




I plate circuit. Since the capacitance between plate and grid is small, the 
Approximation that the plate circuit is independent of the*grid circuit 
/is valid at the lower frequencies. However, at the higher frequencies, 
interelectrode capacitances may seriously affect the operation. 

1 A more complete schematic diagram and its equivalent circuit are given 
in Fig. 3-3. In this circuit, C P0 denotes the capacitance between the grid , 
and the plate, C gk is the grid-cathode capacitance, and C pk is the capaci- H 
tance between the plate and the cathode. The solution for the gain of 
this circuit is readily obtained with the aid of the Millman theorem (see 
Appendix A). The point O' corresponds to the plate terminal P 7 and the 
point 0 is the cathode terminal K. Four branches must be considered 
between these points: the load impedance with zero potential; the capaci¬ 
tor C 2 with zero potential; the potential rise /xE 0 in series with r P7 the 
potential E! in series with C 3 . The capacitor C\ which exists across the 
input Ej does not appear in the equation. The result is J 


- mE 0 Y p -f- EiY 3 
Y7+YT+y 2 '+ y 3 


( 3 - 12 ) 


where Y„ = 


w 


l/r p is admittance corresponding to r p 
j^C 2 is admittance corresponding to C 2 
jcoC 3 is admittance corresponding to C 3 
1 /Zj is admittance corresponsing to Z* 
potential difference between P and K, or potential across 
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Note that Ej — E c . The potential gain is given by 


K = out P ut potential _ E 2 
input potential ~ E^ 


and may be written in the form 


K = 


Y 3 - g 




Yp + Y; + Y, -f Y: 


(3-13) 


In this expression use has been made of the fact that g m = M ,/ r 
In this analysis a number of factors have been neglected. It has been 
assumed that no conduction or leakage currents exist between tube ter¬ 
minals. Such leakage current will depend upon many variable factors, 
such as the spacing between electrodes, the materials of the base, the 
conditions of the surface of the glass and the tube base, and perhaps the 
surface leakage between connecting wires. Ordinarily the error is small 
in neglecting the effects of this surface leakage. If this assumption is 
not true, the effect can be taken into account by writing for each inter¬ 
electrode admittance g, + juC s instead of juC a , where g, takes account of 
the leakage current and also dielectric losses. Intenviring and stray 
capacitances must be taken into account. This may be done by con¬ 
sidering them to be in parallel with C h C 2 , and C',. Additional consid¬ 
erations are necessary at the high frequencies. These are discussed in 
Sec. 3-8. 

The error made in the calculation of the gain by neglecting the inter¬ 
electrode capacitances is very small over the a-f spectrum. These inter- 
electrode capacitances are usually 10 or less, which corresponds to 
admittances of less than 2 M mhos at 20,000 cps. This is to be compared 
Wlth the mutual conductance of the tube of, say, 1,500 M mhos at* the 
normal operating point. Likewise Y 2 + Y 3 is usually negligible com¬ 
pared with Y p + Y,. Under these conditions, the expression for the -ain 
[Eq. (3-13)] reduces to Eq. (2-16). 

3-6. Jnjiut Admittance pfaTriode. Owing to the presence of the 
interelectrode capacitances, the grid circuit is no longer isolated from the 
Plate circuit. In fact, with an increasing signal on the grid and with the 
J conse quent decreasing potential on the plate, an appreciable change of 
Potential appears across the capacitance C p „, with a consequent appre¬ 
ciable current flow. Also, the potential change across the capacitance 
1S accompanied by a current flow. Clearly, therefore, the input-sig¬ 
nal source must supply these currents. To calculate this current, it is 
n °ted from the diagram that ’ 


i 


and 


Ii = E 1 Y 1 
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E> = KEi 

then the total input current is 

I. = Ii + la = [Y 1 + (1 - K)Y,lEi 

The input admittance, given by the ratio Y, = 1,/Ej, is 

Y, = Y x + (1 - K)Y, (3-14) 

If Y, is to be zero, evidently both Yi and Y ;{ must be zero, since K cannot, 
in general, be 1/0 deg. Thus, for the system to possess a negligible input 

admittance over a wide range of frequencies, the grid-cathode and the * 

% 

grid-plate capacitances must be-negligible. 

Consider a triode with a pure resistance load. At the lower frequen¬ 
cies, the gain is given by the simple expression [Eq. (2-16)] . 'I 

K _ —»Ri 
Ri + r p 

In this case, Eq. (3-14) becomes 

# 

V, - > [c. + (l + jffu) C,} (3-15) 

Thus the input admittance is that from a capacitor between grid and 
cathode of magnitude 

C, - C, + (l + C. <3-l« i 

Attention is called to the very large contribution to the input capaci¬ 
tance by the grid-plate capacitance C 3 , owing to the fact that its magni¬ 
tude is multiplied by the amplifier gain, ^fsa result^tlie total input 
capacitance is very much higher than any of the interelectrode capaci¬ 
tances. The presence of this input capacitance will be found to affect 
the operation of the amplifier, and often will make operation impossible, 
especially at the higher frequencies. Methods of compensation have 
been devised to overcome this effect, and these will te examined later. 

I 1 °r general case when the gain of the amplifier K is a complex 
quantity, the input admittance will consist of two terms, a resistive and 
a reactive term. For *the case of an inductive load, the gain K may be 
written in the form (see Sec. 3-3, Example 2 ) 

K = - (*1 + jh 2 ) 


and Eq. (3-14) becomes 


(3-17) 
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This expression indicates that the equivalent input circuit comprises a 
resistance (which is negative in this particular case, although it will he 
positive for a capacitive load) in parallel with a capacitance <?„ as shown 
in 1 'ig. 3-4. I he equivalent elements have the form 


ft. = - 


l 


CuC* sk 2 


(3-19) 


and the capacitor 


/?/ s Cg' 



Ci = Cl + (1 + k t )C 3 (3-20) 

As indicated in the above development, it is possible 
for the term k 2 to be negative (with an inductive load). 


Fig. 3-4. The 
equivalent input 
circuit of a triode. 


hnder these circumstances the input resistance ft, will be negative 

Physically, this means that power is being fed back from the output circuit 

into the grid circuit through the coupling provided by the grid-plate 

capacitance. If this feedback reaches an extreme stage, the amplifier will 

oscillate. These feedback effects in an amplifier will be examined in some 
detail in Chap. 5. 

3-6. Input Admittance of a Tetrode. The equivalent circuit of the 
tetrode is essentially that of the triode, even though a screen grid exists 
m the tetrode. A schematic diagram of a simple amplifier circuit employ¬ 
ing a tetrode is given in Fig. 3-5. In drawing the equivalent circuit, the 



A * V V* A V • 

SS r U U \? C ' r r; e beei ; appropriate *y tended and employed 

tt rj of a poiM * lhe — 

ahnnt n . , F^iciiuai in solar as a-c variations 

t^y P u£ p :zzzz r :ls Z irr 

Th,s parallel combination is denoted C, The capacitance'C^now 

^ p ars rom plate to cathode and is effectively in parallel with C 

^ —- 1 - - a - j g . pa 
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Sec. 1-14, the shielding action of the screen is such that the capacitance 
C pg between grid and plate is very small. If this capacitance is assumed 
to be negligible, and it is less than 0.001 md in the average potential tet¬ 
rode, then Fig. 3-5 may be redrawn in the form shown in Fig. 3-6. In 

this figure, the capacitances have 
the values 


e O« 


/‘Eor — 



^1 — Cgk + Cg* 

C* = C ps + Cpk 


(3-21) 


Fig. 3-G. The ideal equivalent circuit of a 
tetrode amplifier. 


The input admittance of the tube 
is then 


Y, = jcoC i 


(3-22) 


The mere substitution of a tetrode for a triode may not result in a very 
marked improvement in the amplifier response. This follows from the ^ 
fact that the stray and wiring capacitances external to the tube may 
allow significant grid-plate coupling. It is necessary that care be exer¬ 
cised in order that plate and grid circuits be shielded or widely separated 
fiom each other in order to utilize the inherent possibilities of the tube. 

3-7. Input Admittance of a Pentode. The discussion in Sec. 1-14 
showed that, even though the tetrode had a significantly smaller grid- 
plate capacitance than the triode, the presence of the screen grid was 
accompanied by the effects of secondary emission from the plate when 
the instantaneous plate potential fell below the screen potential. As 
discussed, the effect of this is overcome by the insertion of a 
grid between the screen grid and the 
plate. 

When used in a circuit as a potential 
amplifier, the pentode is connected in 
the ciicuit exactly like the tetrode with 
the addition.that the suppressor grid is 
connected to the cathode. By draw¬ 
ing the complete equivalent circuit of 
the pentode amplifier, by appropriately 

extending the rules of Sec. 2-0, and by including all tube capacitances, it * 

18 easy T t0 , sho ' v that the equivalent circuit reduces to that shown in Fig. 

3-7. In this diagram 



Fig. 3-7. The equivalent circuit of a 
pentode amplifier. 


Ci = ''V + C„ 

C 2 = c pt + c„, + c p3 


(3-23) 


where C p3 is the plate-grid No. 3 capacitance 

“ , "~' 1 m Pe<iance Z, is frequently much smaller than the plate 
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equivalent-circuit representation of the tube, as shown in Fig. 3-8. For 
the range of frequencies over which the input and output capacitances Cj 
and C 2 are negligible, and with r p » Z,, the total generator current passes 


9inE c 


E/ ) Cj 


r p > Z£ >E 


Fig. 3-8. The current-source equivalent circuit of the pentode amplifier 

% 

through Zi. t nder those circumstances the output potential is 

E 2 = -gmEiZi 

and the gain is given by the simple form 

K = — g m Zi i 

If the assumed conditions are not valid, then the gain becomes 

K = -g m Z / 


(3-24) 


K = (3-25) 

whereas the combined parallel impedance in the output circuit. 

3-8. High-frequency (H-F) Considerations. 

In addition to the effects of the interelectrode , 

capacitances in affecting the performance of an 

amplifier, several other factors are of importance, h —>- f ™ | 

particularly at the higher frequencies. Some +(' " T— 

were mentioned in Sec. 3-4, plus the effects of lead —' 

inductances and also the effects due to transit 1 

time. zJ| jl 2 

To examine the effect of the cathode lead (____j 

inductance, Fig. 3-9 is analyzed. For con- Fig - 3-9. Circuit for ex- 
venience, it will be assumed that the grid is aminin 6 th e effect of 

negative throughout the cycle and that transit- iifa pentod^ ln(luctanre 
time effects are negligible. Then for I 2 » l l 


41 


and 


I2 = g m E t 


E = _L_ 

' j<*Cl 


Also 


[Chap. 3 


102 ELECTRON-TUBE CIRCUITS 


Combine equations to get 



The input admittance is 



+ jQmUL 



(1 + jjmuL) 


Y, = 

If O ) 2 glIJ « 1, then 


li — ^ Cl 

Ei 1 + jg m uL 


jioC i (1 jojg m L) 

1 + 


Y, = t*'g m LC x + jwC x 


(3-26) 

(3-27) 


Observe, therefore, that the cathode lead inductance introduces an input 
conductance of amount u 2 g m LC i. 

A second component of input conductance arises because of the transit 
time of the electrons between cathode and plate. An exact calculation 
is difficult, but a qualitative explanation is possible which indicates the 
grid-loading effects involved. To understand grid loading, consider an 
electron that has left the cathode and is approaching the grid in its 
flight to the anode. Suppose that the grid potential is negative relative 
to the cathode so that no electrons are collected by the grid. As the 
electron approaches the grid, a changing image-charge density will be 
induced on the grid (see Sec. 1-4 for a discussion of image charges). 
This changing image charge represents an instantaneous grid current, the 
direction of flow of charge being such as to charge the bias battery. The 
power for this charging process is supplied by the moving electron, and 
as a result the electron is decelerated. 

Once the electron has passed the grid, the process is reversed, and the 
moving electron receives energy from the grid, and it is accelerated 
thereby. The amount of energy lost by the electron as it approaches the 
grid is just equal to that which it gains as it moves away, and the net 
energy change is zero. As a result, the net grid loading is zero. 

If the transit time of the electron in the cathode-anode space is of the 
order of the frequency of the applied grid potential, the grid loading 
becomes important, for now the electron can no longer be considered to 
be in a field which is constant in time. It is possible for the energy that 
is supplied to the grid by the moving electron to exceed the amount of 
energy that is returned by the grid in its interelectrode flight, with a 
resultant net energy loss in the grid circuit. This energy is supplied by 
the grid driving source, and it represents a load on this source. 

From a circuits point of view, the foregoing may be described in terms 
of an induced current in the grid. At the lower frequencies, the induced 
grid current is 90 deg out of phase with the grid potential, with a con- 
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poiient exists. This mphase component reduces the input resistance, and 
this may produce an appreciable loading of the input circuit. 

The foregoing concepts may be employed to indicate in a qualitative 
way the effect of the various factors on the input resistance. If T 
denotes the transit time, / denotes the frequency of the applied grid 
potential, and g m is the mutual conductance of the tube, it is expected 
that the grid current I„ is proportional to T and /, since /„ is small if 
either of these is small. Also, /„ should be proportional to g,„, since g,„ 
determines the a-c component of plate current for a specified e'„ and the 
total grid current is proportional to this a-c component of the plate cur¬ 
rent. If a denotes the transit angle, which is now less than 90 deg, then 
the inphase component of I„ is /„ cos a, which is simply I, a for small 
deviations from 90 deg. But a is also proportional to T and /. Thus 
the inphase component of /„ is proportional to g„T-f 2 , or 


g. = kg»J-T- 


(3-28) 


where k is a constant depending on the geometry of the tube and elec¬ 
trode potentials. This relationship agrees with the complete analyses of 
North, Llewellyn, and Benham. 

It will be seen from Mqs. (3-27) and (3-28) that g t and the conductance 
component of the cathode inductance depend on the frequency in the 
same way. Consequently, these components cannot be separated readily 
in measurement of input resistance or conductance. 

Tubes fonuse at the high frequencies are made in a manner to reduce 
transit time, interelectrode capacitances, and lead inductances. This is 
done by means of very close electrode spacing, and generally small phys¬ 
ical dimensions of electrodes. Among such tubes are the so-calied 
“acorn,” “doorknob,” “pencil,” and “disk-seal,” or “lighthouse,” tubes 
with upper limits in frequency of approximately 2,000 1 700 3 000 
3,500 Me, respectively. These names are indicative of the external 
envelope shape, the first three possessing essentially cylindrical electrode 
structures, the last being essentially of a planar construction The first 
two have the leads brought out of the envelopes at widely spaced points 
m order to reduce capacitances. The latter two bring the leads out in the 
form of disks. At the higher frequencies these tubes are incorporated in 
coaxial line resonators, lead inductances being unimportant as these form 
part of the resonant cavities. 

3-9. Potential Sources for Amplifiers. A number of different poten¬ 
tial sources are required in an amplifier. These are the following- the 
filament, or A, supply; the plate, or B, supply E bb ; the grid-bias or C 
supply E cc -, the screen supply E cc2 . These potentials are supplied in 
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The Filament , or A, Supply. The most common method of heating the 
cathodes of indirectly heated tubes is from a low-potential winding on a 
transformer which operates from the a-c supply lines. Storage batteries 
may be used if d-c heating is necessary, but this is ordinarily not neces¬ 
sary except in special applications. Special low-drain tubes are avail¬ 
able for use in portable radio sets and are fed from dry batteries. 

The Plate , or B , Supply E b b . Most equipments involving the use of 
electron tubes are operated from the a-c supply mains, and the d-c plate 
supply is then secured by means of a rectifier and filter unit (see Chaps. 6 
and 7 for details). For applications with severe requirements on regula¬ 
tion or low ripple, the power supply must be electronically regulated. 
For low-drain requirements, dry batteries may be used. 

The Grid , or C, Supply E ce . The grid circuit of most amplifiers ordi¬ 
narily requires very little current, and hence low-power dry batteries may 
be used. In most cases, however, self-bias is used (although this is 
restricted to class A and class AB amplifiers). Self-bias is achieved by 
including a resistor R k in the cathode of the amplifier tube and shunting 
this resistor with a capacitor C k , the reactance of which is small compared 
with R k over the operating frequency range (see Fig. 3-10). The quiescent 
current I b flows through this resistor, and the potential difference provides 
the grid bias. The correct self-biasing resistance R k = E cc /I b . 

The capacitor C k serves to by-pass any a-c components in the plate 
current, so that no a-c component appears across the resistor R k . If such 


an a-c component, or varying bias, does exist, then clearly there is a 
reaction between the plate circuit and the input circuit. Such a “feed¬ 
back effect will receive detailed consideration in Chap. 5. If this effect 

i is to be avoided, large-capacitance capacitors may be 

_required, particularly if the frequency is low. High- 

p 3 '' capacitance low-potential electrolytic capacitors are 

o | available for this specific service and are quite small 

_ *1 J * physically. 

Fig. 3-10. Obtain- The Screen Supply E cc2 . The screen supply is ordi- 
ing self-bias by narily obtained from the plate-supply source. In 

resistor° f & cathode ma ny cases the screen potential is lower than the plate 

supply, and it is usual practice to connect the screen to 
the plate supply thiough a resistor. The resistor is chosen of such a size 
that the potential drop across it due to the screen current will set the 
screen at the desired potential. A capacitor is then connected from the 
screen to the cathode so as to maintain this potential constant and inde¬ 
pendent of B-supply variations or variations in the screen current. 

It is customary to use a common B supply for all tubes of a given 
amplifier circuit. Because of this, the possibility for interactions among 
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troublesome unless the effective output impedance of the power-supply 
unit is very small. It is necessary in some applications to include RC 
combinations known as decoupling JUlcrs so as to avoid this interaction. 

A typical resistance-capacitance coupled-amplifier circuit which is pro¬ 
vided with self-bias, decoupling filters, and screen dropping resistors is 
illustrated in Fig. 3-11. 







Transistor 

< 

< 

< 

_ 1 


x 


3-10. Power Gain of Transistors. A number of different power-gain 
definitions for use with transistor amplifiers are possible. They have 
been called (1) operating gain, (2) available gain, (3) maximum available 
gain, (4) insertion gain, and (5) power gain. These definitions are based 
on considerations of the transistor as a four-terminal network with a 

potential generator E, with internal impedance R 0 connected to the input 
terminals and a resistance load R t 
connected to the output terminals. 

Refer to Fig. 3-12, which shows 
the transistor as a four-terminal 
network, with input source and out¬ 
put load. R { is the input, or driv¬ 
ing-point, impedance with the load 

resistance in place. The available generator power is defined as the maxi 

mum power that the generator can deliver when the transistor is not in the 

circuit This occurs when R = R, Then, according to the definitions, 
with the transistor connected in the circuit, 

1. Source operating gain 

__ actual power delivered by generator 

available generatoTpower 

2. Available gain 

__ actual power delivered when R t is adjusted for ma x output 


IMG. 6-11. The transistor as a four- 
lat/ons* 1 networIc for power-gain ealeu- 
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3. Max available gain 

_ max power output (by matching R t and R 0 to transistor) 
~~ available generator power 


4. Insertion gain 

_ power developed in R t when connected to transistor output > 
power in R t when connected directly to source of power 

5. Power gain 

_ power developed in Ri when connected to transistor output 

actual power delivered by generator 
_ insertion gain 
source operating gain 


Analytical expressions for all five gains are possible for circuits with 
transistors. The normal power-gain information supplied by the manu¬ 
facturer is essentially that given by (5). Some details of gain calculations 
are given in the next section. 

3-11. The Grounded-tase Amplifier. The equivalent circuit which is 
most directly analyzed for this configuration is shown in Fig. 3-13. 


|—WvV-^—WvV 


E, 


o 




Fig. 3-13. Grounded-base amplifier, equivalent circuit. 

Note that this is simply Fig. 2-20c with the driving source and the lead 
in the circuit'. It is noted that the following analysis is valid for the junc¬ 
tion and point-contact transistors for small-signal 1-f operation. 

An application of the Kirchhoff potential law yields the equations 

E i = (r e + r b )l e - r6 I c 

0 — — (r m + rt>)I e -}- (7*6 + T c + Ri)l e 
The network determinant A is 


(3-29) 


A = 


(3-30) 


r e -\r r b — rb 

(r m T r b ) r b -|- r c -f- Ri ( 

= n{r c - r m + R, + r t ) + r e (r c + R,) 

Expressions for the currents I. and I e are obtained directly from Ed s * 
(3-29) by an application of Cramer’s rule. There results 

E, 
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h = E, 


r b + r c 4* ft 


Similarly, it follows that 


(3-31) 


I c = 


r t 4- r b Ej 
- (r m -f r b ) 0 


which is 


I c = E, 


r m 4- r b 


(3-32) 


1 lie potential amplification K f is given by 

K, _ I'Ri __(r„ , + r b ) R t 

Ex r b (r c - r m + ft -f ;r c ) +“r e (r c + ft) 

The current amplification K : is given by 

_ 1c _ T m “{- T b 

If T b + r c "f ft 

The input resistance ft is, from Eq. (3-31), 

p. _ Fi _ r 6(r c — r m + ft + r f ) -f r f (r c -}- ft) 

* i. ^r+TTTft"- 


(3-33) 


(3-34) 


which is 


Ri = r, 4- r b 


The power gain is 


r c r m -f- ft 
^6 -f- r c + ft 


(3-35) 


^ p/?, 


/.*«« «» 


= Ki 


* /?, 


= 


By combining with Eqs. (3-34) and (3-35) there results 

_ (r„ + ny-lt, 

( r b "b r c -f- /?/)[rt(r c r m -f- ft -f- r e ) -f- r c {r c -f- ft)j (3-3G) 

The effective internal impedance is deduced in the regular wav and 
requires an analysis of the circuit of y and 

Fig. 3-14. The result, which is left 

as a problem for the student (see 

Prob. 3-13), is found to be 

T m R o T e 


Rt = T c — 


r b 


Ra T e r b 


(3-37) 



6 


E, 


ar- 
e 


Attention is directed to Table v,r r , , , 
i v • , . * . *ig. d-14. Grounded-base amplifier 

I hi On /VI TF/\n + f r *-V « /> a 1 n ^ __i t*n J r la • a * 


9-1 , 17 u* u • . • , . . y‘^uuucu-uase ampnner ai 

Z Which gives typical circuit ranged for determination of the effectiv 

parameters of point-contact and lnternal impedance. 

junction-type transistors. Thus, although the foregoing complete ex ore, 

be us ed for point-contact transistors and in some circuits usin-r 
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TABLE 3-1 


GROUNDED-BASE FORMULAS 




Approximate formulas 

Factor 

Exact, formulas 

r c — r m » r e ; r c > r 6 



r c r m Ri r e 

Ke 

(jm — r b )Ri 

o 7 *l 

rb(r e — r m + R t + r e ) + r e (r c + Ri) 

r e + r b f \ — a) 

K - 

r m + r b 

a 


rb 4- r c -f- Ri ^ 

Ri 

. r e - r m + Ri | 

r t + r b -1-j—— 

Te + r 6 (i - a) 

Rt 

r. rb r ” ~ Ro ~ r < 

Te + r 6 (l - a) + R 0 

R 0 -h r t + r b 

r e + r b + R 0 


(rm 4- r b ) i R t 

a 2 Ri 

(r b + r e + ft/)[r6(r e — r m + ftj + r e ) + r e (r c + ftj)] 

Te + r 6 (l - a) 


TABLE 3-2 


K. 

K. 

Ri 

R, 

ftp 


GROUNDED-EMITTER FORMULAS 



(r m — re) ft i 


rb(r« — r m + Rl + r«) + r«(r e + Rl ) 

r m — T m 


re — r m + Ri + r§ 

rc + Ri 


rb + re 


re 


r « — r m + Ri -f- r# 
- r. + r. g g- + rt + If 


ft® + rb 4- r« 

I » _ n 




Approximate formulas 
r* — r, n » r«; r e » rt 
r e — r,„ » ft/ » r« 


aft/ 


r. + r/>(l — a) 


r6 + 


r« 


l—o 
r e (l — a) + r t 
a 7 Ri 


Tm 


+ ^ 


Rg + rb + rt 


(1 — a)[r« + rk(l — a)) 


TABLE 3-3 

GROUNDED-COLLECTOR FORMULAS 


Factor 


Exact formulas 


Approximate formulas 
re — r m » r,\ re » r> 
r e — r m » 72/ »r« 


K. 

Ki 

ft/ 

ft. 

ftp 


reft I 


r&(r e - r m + ft/ + r.) + r e (r. + ftj) 

_Te_ 

re — r m + ftj -j- r t 

, r« -f- ft/ 

rfc + re 


1 


rt + (re — Pm) 


r« — r m + ft/ r« 
ft® -I- rb 


l—o 

Rl 

1—a 


Rg + rb + re 

re*ftj 
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junction-transistor circuits. In particular for the case where the following 
approximations are valid: 


r c - r m » r e 
r c » r b 

r c ~ r m » R t » r t 


(3-38) 


then Eqs. (3-33) to (3-37) reduce to the following expressions: 


aR, 


r&(l ~ a) 


K, = - 
r e 

K, = a 

= r« d - r b ( 1 — a) 

K = __ 

P r. + r b ( 1 - a) 


R L = r r ‘ rb ^ ~ fl) d~ ^ 


(3-39) 

(3-40) 

(3-41) 

(3-42; 

(3-43) 


G + 7*6 + 

Hie foregoing results are tabulated for convenience in Table 3-1. 

A similar series of calculations can be carried out for each of the other 

transistor configurations. The results of such calculations are given in 
Tables 3-2 and 3-3. 

PROBLEMS 

3 -L Two waves, one of amplitude 10 volts and frequency 1,000 cps, the second 
ofamplitudeo volts and frequency 3.000 cps, are applied to the input of a certain 

S^ dil SoXS are 50 Phased that they b0th ^ ^ ^ 

а. Sketch the resulting input potential. 

б. Suppose that the fundamental component suffers a phase delav nf in 

on the fundamental scale and that the third-harmonic component suffers a In H g 

?hto y u°t n puJ e ^e SCa ' e ’ a ‘ th0Ugh neith£r amp ‘ ltUde 1S Sketch 

3-2. a. The output potential of a given amplifier is 18 volts when • 

fSS, 021011 ,l 5 ’“ ' Vh * t » th « po.»«h! 

»- 2 - ** 

below that at 5 kc? response of the amplifier at 18 kc 

3-3. Prepare a table giving the power sensitivitv nftur n 
that the output power and the grid excitation are th ° OW1 fl g ^ u ^ es (assume 
manual): GA3, 6F6, 6V6, 6L6, 6AG7. th ° SG s P ecified ln the tube 

3-4. An a-c excitation potential of 5 V olt<? rmc „ f 
applied to a 6J5 tube for which „ = 20 r = 7 7 nn \ freque ° c J ° { 2 ’°°0 cps is 
resistance of 15,000 ohms. Calculate the following ° hmS ’ ^ ° ad ‘ S 3 PUr<? 

a. The a-c current in the plate circuit. S 

b. The a-c output potential. 

c. The gain of the amplifier. 

d. The a-c power in the load resistor. 
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3-6. Find expressions for I and E 2 , respectively, in the accompanying diagrams. 




Find I 

3-7. A tj'pe 6SF5 high-mu triode is operated as a simple amplifier under speci¬ 
fied conditions at 30,000 cps. The important factors are 

M = 100 r p — 66,000 ohms C op = 2.4 /x/xf C ek = 4.0 m/^ 

C P k = 3.6 /z/xf 

a. Calculate the input capacitance and the input resistance of the tube alone 
when the load is a resistor Ri = 100 kilohms. 

b. Repeat when the load impedance is of the form 60,000 + jQ 0,000 ohms. 
3-8. A type 6J5 triode is operated as a simple amplifier under specified condi¬ 
tions at 22,000 cps. The important factors are 

M = 20 r p = 7,700 ohms C op = 3.4 /xA*f C gk = 3.4 /x/zf 

Cpfc = 3.6 jx/xf 

a. Calculate the input capacitance and the input resistance of the tube when 
the load is a resistor Ri = 20 kilohms. 

b. Repeat when the load is an impedance of the form 10,000 -f- jl0,000 ohms. 

^ 3-9. A type 6J5 tube is operated in the circuit of the accompanying diagram. 

Calculate the output potential. (See Prob. 3-8 for the important factors of the 
tube.) 


100k 



i 

Gj m 8sin 2xJ0 s i: 

I 



100k \e 2 


-'I- 1 - w - ' 

3-10. Show that Fig. 3-7 does represent the complete equivalent circuit of the 
pentode. 

A type 6SJ7 pentode is operated as a simple amplifier under specified 
conditions. 

a. When connected as a pentode, with ft, = 25 kilohms, the important factors 
are 

g m = 1,575 pmhos r, = 0.7 megohms C„ = 0.005 tifif Ci. p „t = 6.0 

C ou tput = 7.0 nfif 
Calculate the input capacitance of the amplifier. 

b. When this tube is reconnected as a triode, the factors become 

M = 19 r v = 8,000 ohms C ao = 2.; 
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SSfirf pa h rt i PUt capacitance With R > = 25 kilohms - and compare with the 

3-12 A 6AC7 pentode is to be used as a class A amplifier with E b = 250 volts 
Determine the value of the self-biasing cathode resistor to set E„ = -2 volts 
the screen dropping resistor to set E e , at 150 volts if = 350. 

3 ‘J 3 ' ,\ 6n y Eq - (3 ' 37) resulti from an analysis of Fig 3-14 
3-14. Verify that Eqs. (3-33) to (3-37) reduce to Eos n 3 <» ca i 
the conditions specified by Eqs. (3-38) are valid 9 ' ^ ^ " hen 

3-15. Verify the entries in Table 3-2. 

3-16. Verify the entries in Table 3-3. 

Table"J he Thit ra * ting P arameterS J of a Point-contact transistor are given in 
R = i nnn T h Tp S ° r on USed m a slm P le grounded-base amplifier with 
f". E00 °. oh t ms . and R ‘ = 20 ’ 000 ohr ns- Calculate the following: (a) current 

resistance 1 ! 6n gam ’ W P °"' er gai °’ (<0 inpU ‘ resistanco ' W effective internal 

3-18. Repeat Prob. 3-17 for an n-p-n junction transistor in a grounded-emitter 
circuit, with R„ = 25,000 ohms, R, = 25,000 ohms. 

3-19. A point-contact transistor is connected in the circuit shown, with 


R c 



R.. = 


1,000 ohms, R, = 20,000 ohms, R c = 17,000 ohms Calculate f n 

mg: (a) input resistance, (6) effective internal impedance, (c)'power cam f ° W " 

. ?-20. A grounded-base cascade amplifier with interstate transformer v 

IS illustrated in the accompanying diagram. Also included in'this diagrams the 
equivalent circuit for one of the stages. gram is the 



R 




Shnw y tu h fi he equivalent circuit ‘s that illustrated. 

bhow that the maximum insertion gain of the network exists when 


r n — r 22 /n 2 


CHAPTER 4 


UNTUNED POTENTIAL AMPLIFIERS 


4-1. Basic Considerations. It is frequently necessary to achieve a 
higher gain in an amplifier than is possible with a single amplifier stage. 

In such cases, the amplifier stages are cascaded to achieve this higher 
gain, the output potential from one stage serving as the input potential 
to the next stage. 

A number of factors influence the number and the characteristics of 
the individual stages which must be used to meet certain previously spec¬ 
ified requirements. Among the factors which must be taken into account 
in amplifier design are the total over-all gain required, the shape of the 
frequency-response characteristic, and the over-all bandwidth. Certain 
factors exist which impose limits to the sensitivity which may be achieved, 
among these being the inherent noise generated in such devices. The 
requirements for stability of operation impose severe practical restric¬ 
tions on the techniques of construction. Because of the several factors 
that play a part in amplifier design, gains in excess of about 10 6 , or 120 db / 
potential gain, are extremely difficult to achieve. Depending on the 
bandwidth considerations, amplifiers seldom exceed six to nine stages in a 
cascade for stable operation. Extreme caution is required in the design 
of such multistage amplifiers. 

To calculate the over-all gain and frequency response of a multistage 
amplifier, the equivalent circuit of the amplifier must be drawn. The 
rules for accomplishing this are given in Sec. 2-6. The resultant equiva¬ 
lent netwoik is then analyzed as a conventional problem in a-c circuit 
analysis. y? 

A variety of coupling networks between the cascaded stages are pos- * 
sible, and a few have become very common, either because of their sim¬ 
plicity or because of some especially desirable characteristic. A num¬ 
ber of the more common types will be considered in this chapter in some 
detail. 


4-2. Resistance-Capacitance ( RC ) Coupled Amplifier. The resist¬ 
ance-capacitance ( RC ) coupled amplifier, illustrated in Fig. 4-1, is one 
of the more common and more important amplifier circuits. This ampb- 
fier circuit is used when a sensibly constant amnlificati 
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range of frequencies is desired. By the use of tubes with high amplifica 

Mil be found that high-gain triodes possess certain inherit d.^dvan- 

a B es, and it is frequently desirable to use pentodes instead. If pentodes 

are used, the screen potential must remain constant; otherwise the follow- 
ing analysis will no longer be valid. 

The capacitors C„ C t , and in this schematic diagram are known as 
coupling, or blocking, capacitors and serve to prevent any d-c potentials 
that are present in one stage from appearing in another stage That is 
capacitor C i serves to prevent any d-c potential in the input from appear' 
mg across the grid resistor R al and thus changing the d-c operating 
e\el ot the amplifier. Capacitor C, serves a similar function in coupling 
stage 1 to stage 2. The value of the coupling capacitors is determine! 



C 3 



Output 


-=&bb 


it 


Fig. 4-1. 


Schematic diagram of a two-stage RC coupled amplifier. 


SM? f h f M amP,i f Cat T- r They ° rdil ' aiil T from about 
0.001 to 0.1 M f for conventional a-f stages. The resistor R a which is 

known as the grid resistor, furnishes a path by which the grid-bias sunnlv 

“ applled f the gnd - 11 also serves as a leak path through which anv 
electrons that may be collected by the grid from the electron str« 

within the tube may be returned to the cathode If such « I i, u 

were not provided, the grid would acquire a negative potenH ^ 

collection of the electrons, thus influencing the operation of\h * 

A negative-bias supply potential is ordinarily used and th • i'° Ube ' 

is usually very small. This permits the use of eLtb Snd CUrrent 

for R say from 50 kilohms to 2 megohms Large v h" 

able m achieving a wide frequency response. The i° “ are desir ' 

'determined principally by the gain and the f rpn a , 1 ® slstor is 

are desired, as will be shown befow. f,eqUenCy bandwidth that 

The equivalent circuit of the amplifier of Fio- a i • u . „ 

This circuit is valid for triodes, tetrodes or £1 1 " d *2 ^ ^ 

screen potential of the latter two is maintained ° deS pl0Vldad t iat thc 

s age k . a , C mput POtential a PP'ied to the grid of the first 

™ re ! 1St T R * T Parallel " ith ‘he input impedance to the am S' 

^^^jljgtgjiglectrodeeapacitanecs are not shown on the di BOT .^ ' 
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their effect is contained in the effective input capacitance C a to each 
stage. That is, the input impedance of the stage is considered to com¬ 
prise a resistance (assumed positive) in parallel with the input capaci¬ 
tance. It is also supposed that the impedance of the driving source is 
low, so that the loading by the total input impedance of the first stage 
does not affect the input potential. The output circuit of the first stage 
consists of the load resistance, the coupling capacitance C 2 , output tube 
and wiring capacitances, and the total input impedance of the second 



K 


Ficj. 4-2. The equivalent circuit of the IiC amplifier of Fig. 4-1. 


stage. This is denoted as R„ and C g for the total resistive and capaci¬ 
tive components. The output of the amplifier is the potential across the 
output impedance, which is denoted by the symbol Z. This impedance 
cannot be specified more completely until the nature of the output cir¬ 
cuit is known. 

The coupling between the grid and the plate of the tubes through the 

interelectrode capacitances can be neglected over a wide frequency range 

with pentodes and over the a-f range with triodes.. Consequently each 

stage may be considered as independent of the following stage, but the 

output of one stage is the input to the next stage. As a result, it fol¬ 
lows that since 

£ __ E 2 _ output potential of 1st stage 
Ei input potential to 1st stage 

and 


K 2 __ _ output potential of 2d stage 

E 2 input potential to 2d stage 
__ output potential of 2d stage 
output potential of 1st stage 

then the resultant over-all gain is 

K = ^ _ output potential of 2d stage 
Ei input potential to 1st stage 

It follows from these expressions that 

K = KiK 2 


(4-1) 
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expression 1 "* t "' e '“ , ' V ' ime! '° 6arilhm » f «* ™«'.itud. of this 

20 log I0 K = 20 log,,, A, + 20 log 10 A',. ( 4 _ 2) 


oH°ws f r° m thls that the total decibel potential gain of the multi- 

TV 6 ! ‘V T ° f the deril,pl potel,tial of the .separate 
ages. This fact )S independent of the type of interstage coupling. 

.Analysis of RC Coupled Amplifier. A typical stage of the RC 

coupled amplifier is considered in detail. This stage might represent ant 

of a group of similar stages of an amplifier chain, except perhaps the out- 



K K 

( Q ) ^ 

Pin. 4-3. A typical stage of an RC coupled amplifier (a) Pot on tin I 

current-source equivalents. ( otential-source and (6) 

put stage. Representative subscripts have been omitted. The eauiva 
lent circuit is given in its two forms in Fig. 4 - 3 . Q 

The typical stage will he analyzed by two methods in order to show the 
eatures of the methods. One method will employ the Millman th 

«» applied to Fie. The second method ai l emplo, T.tr I ,T"' 

ward junction solution of Fig. 4-36. P ‘° J strai b'htfor- 

A direct application of the Millman theorem between the ( c 
K yields the expression the P ° IIlt5 a,ld 

E„,Y C 

(4-3) 


E, = 


+ V«, + Y, 


SSz&XX Spiffs. - thi ' u «°- 


E = -mE„,y p + e 2 y c 

P y, + y,TyT 


(4-4) 


and solving for I’he gain K -e'/E^ ^ 


K = 


mY„Y c 


(4-5) 


(Y c + Y«„ + Yc.)(Y, + Y.) +Yc(T«;+ y-, 

■liyjll^ti^asafunction of f re ^ nc rmavh!rn^e"ie" d , PhaSe " 
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Now refer to Fig. 4-36, and apply the standard techniques of junction 
analysis. The controlling equations, obtained from considerations of the 
Kirchhoff current law, are 


(Y p + Y, + Y c )E p i - Y c E 2 = -g m E 0l 
YcEpi + (Y e + Y c , + Y«,)E 2 = 0 


(4-6) 


By determinantal methods, it follows that 


K = 


P + Y t + Y c -g 
-Y c 0 


m 


Ei 


” + -Y C + 


(4-7) 


-Y c 

Yc + Y c> + Yr, 

The expansion of these determinants by Cramer’s rule yields Eq. (4-5), 
as it must. 


j —vwv— 

to 

_A A A A 

\ R k 

+ 

E 2 S 

9i \ 



Tp+Rl 




Fig. 4-4. The mid-frequency equivalent circuits of the RC amplifier. 


It \\ ill be found convenient to analyze the response of the amplifier for 
limiting regions of frequency instead of attempting an interpretation of 
Eq.,(4-5) directly. In fact, in many cases it is more convenient to ana¬ 
lyze the appropriate equivalent circuit, rather than attempt the anal¬ 
ysis from Eq. (4-5). ^_ 

Intel mediate Frequencies . * The intermediate frequencies, or mid-fre- ^ 

quencies, are those for which Y c is large and Y Cg is small. Subject to 

these conditions, the equivalent circuits of Fig. 4-3* reduce to those shown 
in Fig. 4-4. 

For the range of frequencies over which this equivalent circuit is valid, 
the expression for the gain becomes 
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This expression for the gain is independent of the frequenev since „ 
reactive elements appear m ..ice,,,, Had, ‘Z io” 

a conductance, and because of the negative sign the relative nhnso 

' he in|>M «P« '».. i« constant and c,,,ai to 

L-F Region. At the low frequencies the effect of (\ is negligible and 

SvT^, Th 'r IT “'” tl .. 

y mP ° rtant - The e «l u 'valent circuit under these conditions has the 


M&oi 



E , 


nF Rl 


Fic.. 4-5. The 1-f equivalent circuit of the RC amplifier. 


form shown in Fig. 4-5. The general express 
reduces to 


expression for the gain [Eq. ( 4 - 5)1 


K = K! =_-mY.Yc _ 

Y C (Y P + Y, + Y*,) + Y,F(Y p + Y,) 


(4-9) 


It is found convenient to examine the 1-f gain relative to , 

quencygain. The ratio K I/K „ becomes elatl 'e to the m.d-fre- 


j Ki = _1 

K ° i 7 n^ r Yl ) 

Yc(Y, + Y, + Y Ri ) 

This may be written in the simple form, for any frequency/, 

1.V K,i = 1 

-where K ° 


(4-10) 


1 ~-1WUT) 


(4-11) 


f, =_M7 ±_y<) 

2tC(Y p + Y, + Yft ) 


2irt(Y p + Y, + Y„ t ) (4-12) 

If the load is a pure resistance, then f is ,.„„i 
tude of the relative gain becomes ' mimber and th * magni¬ 


fy 

K o 


where 


Vi + 


f\ o 


2 tO R„ + _!>fo 


(4-13) 


I T> 
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This shows that the parameter fi represents the frequency at which the F 
gain falls to 1/V2, or 70.7 per cent of its mid-frequency value. This 
frequency is usually referred to as the l-f cutoff frequency of the amplifier. 

The relative phase angle 0i is given by 

tan 0i = j (4-14) 

This approaches 90 deg as the frequency approaches zero. 

It should be noted that the l-f cutoff value [Eq. (4-12)] depends, among 
other terms, on the size of the coupling capacitor C. Since the value of 
C appears in the denominator of the expression for/i, then, for a decreased 
l-f cutoff, larger values of C must be chosen. Of course, the gain must 
ultimately fall to zero at zero frequency. 



Fig. 4-6. The h-f equivalent circuit of the RC amplifier. 



There are several practical limitations to the size of the coupling capaci¬ 
tance that may he used. The capacitor must be of high quality so that 
any leakage current will be small. Otherwise a conduction path from 
the plate of one stage to the grid of the next stage may exist. But good- 
quality capacitors in sizes greater than 0.1 /if are physically large and are 
relatively expensive. Also, if the coupling capacitance is large, a phe¬ 
nomenon known as blocking may result. This arises when the time con¬ 


stant CR g is much larger than the period of the highest frequency to be 
passed by the amplifier. Thus, if an appreciable charge flows into the 
capacitor with the application of the input signal and if this cannot leak 
off quickly enough, a charge will build up. This may bias the tube 
highly negatively, perhaps even beyond cutoff. The amplifier then 
becomes inoperative until the capacitor discharges. This condition is 
sometimes desirable in special electron-tube circuits and will be the sub¬ 
ject of a detailed discussion in Chap. 9. However, it is a condition that 


w — -• v t A V » V/* J v - - * 

must be avoided in an amplifier that is to reproduce the input signal in 
an amplified form. 

The grid resistance R 0 must be made high to keep the gain high, since 
R 0 of one stage represents a loading across the plate resistance Ri of the 
previous stage. The upper limit to this value is set by the grid current. 
Ordinarily the grid current is small, particularly when the grid bias is 
negative. But if the grid resistance is made too high, and several meg¬ 
ohms is the usual limit, the potential across thi 
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spuriousJbias on the tube „ . .. 

able, these are designed for speciafon” t'" -grid-current tubes are avail- 
be used in conventional circuits ^ 1<>IU> and " ould not ordinarily 

large, and Uie admHt^c^of^'becannes 68 ' the admittance (,f r is very 

euit corresponding to these coitions ZZTtL 

f he general expression for the gain reduces to ^ 4 ‘ (i - 


* 


K = K, = 


— m Y 


+ Y, + Y» + Y 


The 


(1-1.5) 


gain ratio K 2 /Ku becomes 


Kj 

K 0 


1 


1 + 


Yp Yi -f- Yf? 


(4-lb) 


Thi 


ca se. TbetLT y * 8 f ° rm similar * 


<4- (-4-11) for the 1-f 


K 


1 


where 


K ° 1 + j(f/U) 


( 4 - 17 ; 


fo ^ L> ± Y, + Y*. 

2ttC, 


0 


(4-18) 


In this expression C fl denotes thp t n foi ™ 

and comprises the input capacitance of the^odowi n^t ^ Cathode 

( ' Vinn St and the output tube capacitance. g Stage ’ tile 0Ut Put 

If the load is a pure resistance, then fo is n mai 1 
tude of the relative gain becomes “ “ “ ^ nUmber a ' ld the magni¬ 


fy 

Ko 



1 


1 + (f/h) 


(4-19) 


V2 


/ y -y — -w. tcilL 01 Its rnirt 11 

frequency is usually referred to as the h-f cutoff ^ ncy val "e. This 
/relative phase angle 0 2 is given by ‘ ^ ° f the am Plifier. The 


tan 0 2 = _ / 

f 2 


(4-20) 


This angle approaches -90 dee as e 

compared with f 2 . " th frequen cy becomes very large 

C„ among othe^MtJS. dt ‘ Pe " ds 0,1 th c value of 

^ ^ expression, then clearly a highh-/ 
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of C 0 . Moreover, since the input capacitance of a pentode is appreciably 
less than that of a trio.de, the pentode possesses inherently better possi¬ 
bilities for a broad frequency response than does the triode. It will be 
found in Sec. 5-11, in the discussion of the cathode-follower amplifier, 
that triodes with cathode-follower coupling stages also possess broad¬ 
band capabilities, although this is accomplished at the expense of a tube. 
Note above that the h-f cutoff is improved by the use of large Y p , Y t , and 



Fkj. 1-7. 
amplifier. 


V typical frequency response and phase characteristic of an RC coupled 
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Fig. 4-8. Universal gain and phase-shift curves for an RC coupled amplifier. 


00 


Y/? o , which implies the use of small values of resistance Ri, R 0 and a tube 
with a small plate resistance. 

4-4. Universal Amplification Curves for RC Amplifiers. 1 The fore¬ 
going analysis shows that the gain of an RC coupled amplifier is sub¬ 
stantially constant over a range of frequencies and falls off at both the 

high and the low frequencies. A typical frequency-response curve has 
the form sketched in Fig. 4-7. 

Since the relative gain and the relative phase-shift characteristics 
depend only upon the two parameters/! and / 2 , it is possible to construct 
curves which are applicable to any such amplifier. Such universal curves 
are given in Fig. 4-8. 

The frequency-response characteristics of any RC coupled amplifier 
can easily be obtained with the aid of these curves. The first step in the 







Sec. 4-5] 


untuned potential amplifiers 


121 


R,: 


J> 

f 


R<Z 


fier stage. ' iypkal ,{C «»*PM ampli- 


“St,d S '(iSr'*'? l'»«rand /, E „ s , 

phase angle are ohtained from'rile r„n '''f '''"''"T"’ (he relaliee 

ratio/,// and f,% Tl “ . ' 7 " Uml,er of of the 

remembered in'ush.g Fig ls Hn I “ “ »' /• It must be 

4-6. Cascaded'Amplifiers ' b 'inn \ .' »!"'«■" theabseissa is/ /,. 

aarily consist of several stage, in "f' 

i» order to bring b.toVAus '* 

operating features of each. 

The circuit, of Fig. 4-9 illustrates a /-r-# 

typical stage of an RC coupled tran_|. r ' . fT) ^ 

^ sistor amplifier in a grounded-emitter '0>4 S ^ f 3 

connection. As already noted, this <. 1«/ | 

connection corresponds roughly to Rj i R k~lf 2 i_ 

the grounded-cathode triode circuit. —_ L _ 5? f 

In this diagram resistors R h R 2 , and Ul A ‘vpical lie ^uld ar„„ii- 

provide the required bias to the S ' ag “- 

collector and base. Resistor R, is employed to reduce the v, ■ 
of the collector current with temperature. Capacitors C are ‘“I- 0 ' 1 
capadtors between stages, and t, serves to bypass ^ 

C 2 in he circuit, the presence of R t would result in a reduced ™„li 
If the stage is properly designed, resistances R x and R are ' ‘° n ' 

f pared with the input resistance of the stage. Also the can i g ® com ~ 

C 2 will have effectively zero impedanceover 2c S2S #BC, " d 

interest. Therefore, in so far as audio frequences aS con ? "T ,° f 

approximate circuit does not require the external R’ s aud C >* r ^ 

quently, a representative multistage amplifier u-n,,m i, ' , Conse “ 

illustrated in Fig. 4-10. ampimei would have the form 

The resistors R c are not required for circuits 

sistors. They may be required when point-contact /lng . Jlmctlon tran ' 

However, as noted before, point-contact transistors * ^ 

Used in su <* applications. The equivalent circuU for y not 

given in Fig. 4-106, which is precisely of the f ^ Smgle sta § e is 

3-13. The pertinent information is contained " flfT in 
loading exists between stages, the over-all it f ^, labe 3 ' 2 ' If 110 
A complete circuit diagram of a cascaded i "it f ° °" fl ’° m this table - 

A grounded-base catcadcd amplS In b ^ I" ^ 4 : 11 * 

of the analogy between this transistor circuit anV tF " tbe llgllt 

_triode amplifier, the di rect cascading of grounded-base 


« nt 
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input and output terminals. The use of coupling transformers which are 
designed to match the output resistance of one stage to the input resist¬ 
ance of the next stage permits the satisfactory operation of a cascaded 
chain of grounded-base amplifiers. Figure 4-12 a shows such a trans¬ 
former-coupled amplifier. The equivalent circuit for a-c operation is 



(b) 


Fig. 4-10. (a) Schematic diagram of a cascaded grounded-emitter amplifier. ( b ) 
Equivalent circuit for a single stage. 


given in Fig. 4-12 b, and the simplified single-stage equivalent circuit 
is illustrated in Fig. 4-12c. This circuit is precisely that illustrated in 
Fig. 3-13, the results of importance being contained in Table 3-1. 



Fig. 4-11. A grounded-emitter grounded- 
emitter cascade amplifier. 


As in vacuum-tube circuitry, 
transistor amplifiers of different 
types may be cascaded. The cir¬ 
cuit of Fig. 4-13 illustrates a 
grounded-emitter grounded-base 
cascade. A grounded-collector cas¬ 
cade, which is analogous to a chain 
of cathode-follower circuits, would 
ordinarily not be used. 

4-6. H-F Operation. A number 
of transistor parameters are fre¬ 


quency-dependent functions. In 
addition to such external effects as occur through capacitances and feed¬ 
back, the internal effect resulting from the finite time for the electrons afld 
holes to diffuse through the transistor also becomes important at the higlj 
frequencies. Because of this latter factor, it is anticipated that a will 
vary with frequency. The character of the variation of with fremmncl 
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(c) 


singlcttage/W a sfmplS^ngL t s ™“ former - < ' 0 ”Pled amplifier, (fc) an cquiva 


iS ,epi ' eSented with g° od approximation 3 by the expression 


« = _ 

1 + jf 7 « 


where a 0 is the I-f value of a and /„ is the 
tude of a is 3 db down from its 1-f the magn 

\ r filn a T7 1 __!_ j i 


(4-21 


- --' * A 

value. Experimental curves show- 

iiig the variation with frequency of r— CP) > ^ PC 

a are given in Fig. 4-14. J | i (YJ 

4 Consider, for example, the simple ) PC 

grounded-base transistor amplifier, | | j' < 

the equivalent circuit of which is il- 1 d — 

lustrated in Fig. 3-13. Owing to the i 4 f -- 

relatively low input impedance of this 1 If T 

circuit, the current I e is almost a con- * 

stant. Also in this circuit E : denotes Fi g. 4- i 3 . A grounded-en 

, potential across the input im- funded-base cascaded amplify, 

non o r\ /»—r i 1 <. ^ 

re ampli fier. The circuit eouations thus follow direr, 


f 1G • 4 “ 13 - A grounded-emittei 

grounded-base cascaded amplifier. 
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(r e + r t )I. - rt I c = E, = I,Z, 

- (r h + r M )I, + (r c + r b + R,)l c = 0 ( 4 ‘ 22 ) 

The first of these equations reduces to the second, as may be shown by 
including the appropriate value for Z, from Table 3-1. Therefore the 


oc 






Ic 

I c 


Tb + r 


m 


r c + r b -f R t 


But from the definition of « and Eq. (2-426) 


a = 


r b + r 


m 


H -f r c 


Combine this expression with Eq. (4-23) to find 


Ic 


a 


1 + Ri/(r b + r c ) 


Now combine this with Eq. (4-21) to get 


Ic 

L 


<*0 


(4-23) 


(4-24) 


(4-25) 


(4-26) 


1 + Rl/ ^ + r c ) 1 + jf/fo 

wS t e hTv SSi °c Sh ° WS th3t th<? i0Ed CUt ° ff characteristic varies directly 
with the variations in a. 

U Sf S f itUa T tion is “‘"““y more complicated* than that specified in Eq- 

h ; Slnce the capacitive component of the collector fan ‘ 


ed- 


i 
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^ue b neTeT::ZSrb^rept^d bvlir;pir'nT ^^'h ThUS at the hi Kher 
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£>ecaube of the several effects *o ti.n i- u , 1 Jo - 

impedance to the junction-transi tor ■ .* llgh * r fre <l uenci es, the input 

r »~^ S« 
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4 '7; Gain-Bandwidth Product. Suppose that it i„ a • , 
the h-f response of an ftC coupled amplifier Acer t0 extend 
gain characteristic, this requires that the quantity f ‘fi! the universal 

Eq. (4-18) this increase in /, may be accomplished bv i mCI ' eaSed ' B >' 
he terms Y„ Y,, or Y*„ or by decreasing <7. It ; s flp „? "J creasln g any of 
effect of varying these parameters. 11 ed to ex amine the 

Consider the factor Y p . An increase in v ; r 
ance r p is reduced. This would seem to favorTh ^ that the P ' ate resist - 
values of r„. However, tubes of Z tyDe Z ^ ° f triod ^ with low 

t °7~ M tubes - Consequently, in addition to the lowT'^^f 68 ’ Wh . ich are 

^es, and the corresponding high grid driv* ? am lnherent ln such 
required for reasonable output potential the ^ S1 , gnal that wouId be 
able because of the relatively large total !„! , ° f a tn ° de 18 inadvi s- 
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reduced. Suppose that the tube that is used is a pentode, and this is 
generally the case for a broad-band amplifier, since, as just discussed, the 
triode is subject to serious limitations for this service and is not used. 
For the pentode, since r p is large (and of the order of 1 megohm) and R g 
may also be made large, the h-f cutoff value is given with good approxi¬ 
mation by 



1 

27 tR iCg 


(4-27) 


Moreover, for the pentode, the gain of the stage is given with good 
approximation by 

K 2 = g m R t (4-28) 


If it is assumed that the 1-f cutoff is small, so that / 2 denotes the total 
bandwidth of the amplifier, then the gain-bandwidth product is 


K 2 B 



(4-29) 


Observe from this expression that the gain-bandwidth product of the RC 
coupled amplifier is a constant. This means that, by changing a circuit 
parameter to increase the gain, the bandwidth of the system is reduced; 
one is obtained at the expense of the other for a given tube and a given 
circuit configuration. 

Since the gain of the stage is proportional to g m of the tube, and since 
the bandwidth, for a given gain, is proportional to 1 /C 0 in a given cir¬ 
cuit configuration, the limit to the bandwidth is dictated fundamentally 
by the interelectrode capacitances of the tube. Thus even if the wiring 
and socket capacitances were reduced to zero, an impossible practical sit¬ 
uation, the sum of the output capacitance of the one tube and the input 


capacitance to the following stage would provide the ultimate limitation. 
1 hat is, the ultimate limit is imposed by an effective capacitance Ct , 
which is the output capacitance of one tube and the input capacitance to 

the next tube, for a chain of similar pentodes in cascade, the limiting 
gain-bandwidth product is given by 




K,B = 


0 


m 


o 


m 


2ir(Ci„ + C out ) 2irC, 


(4-30) 


From (his expression, a quantity M is defined as 

M = 2= (4-31) 

L t 

M is known as the figure of merit of the tube. 

For service requiring a large gain-bandwidth product, the tube should 
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aC d inT c t3 ,0?“)"r ? AC7 “ re hM •***»«*■ 

.IT/ C " V “ Wri0r 10 

fiAKo has a gain-bandwidth product of'aplm.ximlSy^TAIc TT 

,rr- *” 

this higher gain is accompanied by a narrower bandwidth It 

nsider that n identical stages are connected in cascade In th ■ 

frequency r£m <r c tho romilton* cm 9 • n the mid- 

* ° U,e res,u *tant gain is constant and is given by 


A'o„ = (A«)» 


For the 1-f region, the relative gain for the n stages is given by 


(4-32) 


( 0 - 


1 


(1 + (/.//) : 2 1"' 2 


(4-33) 


The resulting I-f cutoff value is defined as that value for which it , 
tive gain is reduced by l/v/2. This reouire* ih-„ the rela ' 


from which 



so that 




(4-35) 


The relative h-f gain for the n-stage amnlifipr k* • 
the 1-f region and is given by obtained exactly as foi 


The 


VW [1-f (/// 2 )2Jn/2 

corresponding h-f cutoff value is then 


(4-36) 



T^^gives the values of the cutoff frequency reduct 


(4-37) 

function 
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identical stages in cascade is reduced by a factor 0.643. Correspond¬ 
ingly, the 1-f cutoff value is increased by this same factor. This means, 
of course, that the total bandwidth of the amplifier decreases as the num¬ 
ber of cascaded stages increases. To achieve specified over-all h-f and 

1-f cutoff values, the single-stage cutoff values must be correspondingly 
high and low, respectively. 

TABLE 4-1 


BANDWIDTH REDUCTION FACTOR a/2^ 

n 


- 1 


1 

2 

3 

4 

5 

6 


V2 1/n ~ 1 

1.0 
0.643 
0.510 
0.435 
0.387 
0.350 


4-9. Direct-coupled Amplifier. 6 It is possible to build a type of 
cascaded amplifier without reactive elements and. in principle at least, 
secure a very broad-band amplifier. The potential gain of such an ampli¬ 
fier does not depend on the frequency, at least to a first approximation. 

However, the effect of tube and 
wiring capacitances imposes the 
same limitations on the h-f cutoff of 
the amplifier as in the RC coupled 
amplifier. It might appear that 
such amplifiers would find very 
widespread use because of these 
desirable characteristics. How¬ 
ever, such amplifiers do possess 
certain disadvantages, and their use 



Fig. 4-16. Basic battery-coupled amplifier 
circuits. 1 


• 1- 1 ,1 . .. tain UI 6 iUl\ UUUlf'C.S, ailU USC 

amnlifiers foi° ll& 1 ^ ^ extensive employment as d-c amplifiers and as 

A u A y Slouly var ying inputs, 

with th P CrJ C °’! Pl( ; d ^ ascade -amplificr circuit of basic design, together 
i! shT l e A P t e dr0Uit for changes in potential and cur- 

found to be' 11 m 1 ^ 4 ' 16 ' 1 hC ga ' n ° f such an amplifier stage is readily 


1 




K = 


_ — vRi 


+ Ri 


(4-38) 


am, lifie A A th ° Circuits are f 'mte like the RC coupled 

BTcause of th f Ah A A “T'"’ 8 (Mocking) capacitors are absent. 

Plate cTre, ‘f f A G gl ° f ° n0 Stage is dire<>t ly connected to the 

P a e crcmt of the previous stage, it is necessary to include d-c sources 

A!-,?:” 8 . 01111081 P0tnts in the circuit in order that the quiescent 
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.. .1 _ outstanding feature that it will 

amplify a steady component in the input voltage, but it suffers from three 

mam disadvantages. The first is the cost of . he relatively high-potential 
gnd-bias batteries. These are required when a common plate and a 
common filament supply are used. In an alternative arrangement, 
indirectly heated cathodes having different potentials are used thus 
obviating the necessity for large grid-bias potentials. However sepa¬ 
rate plate supplies are required in this ease. 

. The sec °nd disadvantage of the dirert-rouplcd amplifier is the inherent 
instability associated with direct coupling. The characteristics of the 




Fig. -1-17. A re.sistnrn-e-roMpIrd amplifier. 

tubes in the circuit change slightly with time; the battery potentials or 
the a-c line-operated rectified power supplies, likewise change with time 
Since such changes are amplified, the d-c amplifier is not feasible unless 
precautions can be taken which tend to overcome this instability F 

this reason - balanced circuits and circuits with degenerative feedback 
are used, since they tend to minimize this difficulty. 

The third disadvantage arises from the capacitance between the 
bias batteries and the cathodes. This, plus the interelectrode capaci 
tances, stray wiring capacitance, and stray inductance, influences the 
transient-response time and materially affects the rapidity with which 
the amplifier output responds to rapid changes of input potential In 

consequence, even though the amplifier is direct-coupled, precautions 

must be taken to ensure a broad h-f response in order to provide a short 
response time. ori 

It is possible to build a direct-coupled amplifier that uses a positive 
Plate supply, a negative bias supply, and resistance coupling networks 
This overcomes the first disadvantage. The circuit of such L .mniiL 


is illustrated in Fig. 4-17. Thr^a,^^^^ 

SWCrr n 111 Fig - 4 - 18 - The sain of Z 

_ 

K = - Rn + R <' + 


Md 4- 
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For an appreciable potential gain, the parallel combination of Rn and 
R c i + R 0 2 should be large compared with r p , and R 0 2 should be large 
compared with R e 1 . This will necessitate the use of a large bias supply. 

Direct-coupled amplifiers are used extensively as the amplifier in a cir¬ 
cuit the grid exciting source of which has a very high internal resistance 
or which is capable of supplying only a very small current. In this case, 
the grid current must be very small. In particular, the grid current is 
G p significant when the grid-cathode 

resistance of the tube, though high, 
might not be large in comparison 
with the resistance of the circuit 
that supplies the grid signal volt¬ 
age. Special electrometer tubes 
in which the grid current is of the 
order of 10 -15 amp are available 
for such applications. JTie grid 
current of the typical negative- 
grid tube is of the order of 10 -8 amp with normal rated potential applied to 
the tube electrodes. With the electrode potentials at very low values, the 
grid current may be reduced as low as 10~ 12 amp. More will be said about 
the applications of such amplifiers in Chap. 20. 

4-10. The Cathode-coupled Amplifier. A two-tube circuit which is 
used extensively as a direct-coupled amplifier, owing to certain self-bal¬ 
ancing features, and which is often used as an a-c amplifier, is illustrated 



+ 

E 


Fig. 4-18. The equivalent circuit of a 
typical stage of the resistance-coupled 
amplifier of Fig. 4-17. 



E 



Fig. 4-19. A cathode-coupled amplifier and its equivalent circuit. 

in Fig. 4-19. This circuit overcomes the first disadvantage of the pre¬ 
vious section and permits the use of a common battery supply for all 
stages. 

To analyze the operation of the circuit, the Kirchhoff potential law is 
applied to the loop circuits shown. The tubes are assumed to be iden¬ 
tical. Hence, there follows 
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E „i = Ej - E, = E, - (I, - I,)/?* 

E ff- = ~Ea = -(I, - I,)A\. 

Ii^p — ^E„! + Ejt = 0 

^( r P + Hi) + nEg-2 — E /; = 0 
Write the equations in the form 


(1-40) 


Ii[r p -L (/i -f 1 )/?*] - I>(m + 1)/?* 
~Ii(/z + 1)/?* + Io[r p + (n - f- l)tf* -f /?J 

Tlie solution of these equations yields, for current I> 


M E i 
0 


h = 


A*(m 4" 1 )/l > /;E 1 


( r f + K* + l)ff*][r p + (m + 1 iA’i + /?,] - l( M +U^p 

The output potential E.> is 


(4-41) 


E 2 = I,Ri = 


m(m + 1)/■*;./?,E, 


[ r P + (m + l)/? ( )[r p + ( M + -)-/(,] _ 


Now write this as 


Km + l) 7 ?;p 

(4-42) 


E, = 


M/?;E 


1 


o- i r i> ( r p 4 ~ /t*/) , ~ 

p + "(7+1)7/* + Ri 


(4-43) 


If the parameters are so chosen that r„ + R, « („ + 1)R then . 

mately 

tfi E 1 

(4-14) 


E 2 = : 


2r 


Hi 


which is a form quite like that for the ordinary single-tube amplifier 
except for the appearance of the factor 2, p in the denominator insteld of 
simply r„. Note also that the output potential has the same phase as the 

input potential. A typical circuit showing a cascade cathode-coupled 
amoliher is given in Fig. 4-20. * u 
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M/VV 
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Fig. 4-20. A multistage d-c amplifier employing cathode-coupled amplifiers. 
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It may be shown that the h-f cutoff value, which results from the 
effects of the interelectrode, wiring, and distributed capacitances, is con¬ 
siderably higher than in a single-tube amplifier. However, such ampli¬ 
fier stages are not used for broad-band or video amplifiers, since a pentode 
proves to be superior, both as regards gain and bandwidth possibilities. 
Moreover, pentodes are seldom used in this circuit from bandwidth con¬ 
siderations alone. Such cathode-coupled amplifiers are used for very 1-f 
or d-c amplifier service. 

4-11. H-F Compensation of Video Amplifiers. The untuned potential 

amplifiers that are discussed in the foregoing sections possess flat fre¬ 
quency-response characteristics over a range of frequencies. Frequently, 
however, the region of uniform amplification must be wider than is pos¬ 
sible with the simple circuits. Also, the question of the phase response 
J becomes quite important in many broad-band amplifiers. Extending the 
h-f range of an amplifier has received considerable attention, different 
services requiring different solutions. For example, radar receivers may 
require a uniform response of 2 to 8 Me, depending upon the service, 
although the 1-f response in these is not too critical. Television receivers 
require a sensibly uniform amplification over the range from 30 cps to 
4.5 Me. Such broad-band amplifiers may be achieved by compensating 
the simple amplifier at both the 1-f and the h-f ends of the frequency 
scale; by the use of tubes as coupling devices, these being connected ordi¬ 
narily as cathode followers; or by the use of circuits from which the pri¬ 
mary cause of the frequency distortion has been eliminated. 

4-12. Compensated Broad-band Amplifiers. 7 It is possible to com¬ 
pensate for the drooping of the frequency-response characteristic of a 


R 


9i 



I 

Fig. 4-21. A shunt-peak video amplifier stage. 


resistance-capacitance coupled amplifier at both the h-f and the 1-f ends 
of the cun e. A number of methods exist for accomplishing these results, 
and sevcial of t he more important of these will be considered below in some 
detail. I low ever, it is advisable to examine roughly what occurs in these 
several methods ot compensation before undertaking a complete analysis. 

In the shunt-peaked method of h-f compensation, an inductor is 
inserted in series with the load resistor. The circuit has the form illus- 
,j t ra ted in Fig. 4-21. The inductance L c is chosen of such a value that it 
resonates with the total effective ca 
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atthvVtl PUt ° f thC f0ll ° wing tub ° * n the ne *shborhood of (he frequency 
t M«fd 0 7r ,ld ° tlU r ' ViSe b ° gin t0 fa " W^l.v. la tins 

2 v, Z°LZ T f '■ “ Cri,i “' : »"“™ ... i" .v 

applications. ' ^ercompensation must be avoided in most 

4-i3. H-F Compensation. To study the gain characteristics of an 
lent circuit of Ftg'T^t 'dll ^ the «Juiva- 


’ V. 
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£ ’0 
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Mg 4-22 The equivalent circuit of an ltC amplifier with an inductor in «, • . , , 

plate resistor for h-f compensation. inductor in series with the 
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Ej \^) SmEg 
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--- j 

Mg. 4-23. The approximate equivalent circuit of Fig j_ 2 2 nr *!,« 
frequencies. g * 1 at lhe mid- and high 

As the series inductance L c is small (90 to r >0 u 
affect the 1-f or the mid-frequency gains of the amplific^T” 06 ^ 
lor thi, amplifier, Eq. (4-8) for the mid-fro,,,,,™'fi ' JT" l “' n, . l ' V 

and (4-14) for the l-f gam arc still valid. Thearexnre.fi M,s ' ,4 ~ , ' i4 

here for convenience. ^P'osMons are rewritten 


K„ = 


K, 

K„ 


_Z^ Y , 

Y P + Y, + Y/f 

1 


./l 


VI + ' / tan f 


(4-45) 


Plats’“tsr:: r^jhSTrt" 1 '" ~ 

eussion here fill be confined amplifiers of this, ty^'‘“Lot pe!tdt' 

r ’» li ‘ R„i»R l / 4 ’ 

and the equivalent circuit of Fio- j oo i , 3 

It .01,o„. directly from fhi, ,h.f ,hi °' ** ^ 
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and the h-f gain becomes 


K, = 




Y p + Yi + Y Rg + Y C( 
The h-f- to mid-frequency-gain ratio is 


^ -9 


m 


Y, + Yc. 


(4-48) 


K 


1 


K 0 Ri(Yi -f- YcJ 


(4-49) 


Use is made of the quantity f 2 , the half-power frequency without 
pensation, which is, from Eq. (4-18), 


com- 


f = Y^_+ Y, + Y ff 


0 • 


1 


2w C„ 2irRiCg 

Also, it is convenient to define the quantity Q 2 as 


(4-50) 


Qi = Lc 


<*>2 L, 


RfCg ~ R, 


f(4-51) 


This is the Q of the series load circuit at the frequency / 
(4-49) may then be written in the form 


2 . Equation 


K 


1 


Kn 


1 


Kf 

This expression is expanded thus: 


__. . u 

1 + j (u/<02)Q 2 ^ a) 2 


(4-52) 


Kj 

K„ 


which may be written as 


[1 


_L + i{u/wi)Qi _ 

(0/012)-’C^] + i( 01/0)2) 


K 2 

K. 



+ ( 0 / 0,2 y-Qi 


(0/“',) 2 Q 2 ] 2 + (0/o 2 ) 



tan" 1 — Q 2 

CO? 


— tan - 


C_ 

1 — (o>/q>2) 2 02 


(4-53) 


The significance of this equation is best understood by examining curves 
£vf„ f ° r V * 1U ' S - 0- A «* Pin curves is 

It is ordinalily desired that the potential gain be practically constant 

“ P „ t0 s * Ce ; " m de K Slg " ate i d high frequency. An inspection of Fig. 4-24 
^o^s that this 1S best achieved by choosing Q 2 to have a value approxi- 

mately 0.45 Actually the optimum value for Q 2 is found to be 0.414, 
under which condition dK/df = PK/df- = 0 for the low frequencies. 

r e optimum value of Q 2 thcf response curve remains flat without 
overshoot over the greatest possible frequency range and is there- 
lore, known as the maximally flat -- ^ 
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Fig. 4-24. Dimensionless relative-gain curves for thn 

[Adapted from A. V. Bedford and G. L. Fredendall P r0 c S ^ d am P^r. 

• vc - 1 ‘in., > u ( 1939 ).J 

in order to preserve the waveform of the siimnl „ 
only must the relative amplitudes of the various fro ° amp 1 ^ er ’ not 
be maintained, but also their phase relations must he 1 *°m 7 componc,lts 
this is not so, then phase distortion results The nhi- 'Vft°" stant - If 
amplifier is contained in Eq. (4-53), which is Ph S1 ‘ ft through the 


0 = — tan - 


i 


a ) 

(j3‘2 


1 


Q* -f- 


(t)] 


(4-55) 


Evidently, for the waveform to be preserved eith t u u 

the various components through the amn fier r ph % Se shlft of 

Phase of all the frequency components must b/li Tk the 

amount in time In this wiv the , 1 *■ t L be changed by the same 

harmonies in the waveform will be prU P A crll* lm »»S «he 

■ constant. A 
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Figure 4-25 shows a family of dimensionless curves which apply to any 
amplifier. With w/a >2 and Q> given, the phase shift at any frequency is 
readily determined. It will be observed that the curve for Q 2 = 0.33 
appears to show the least variation of 6/oj and so would introduce the 
least phase distortion or time delay. Actually, by taking the derivative 
of 6 with respect to a> and equating the coefficients for constant delay in 
the circuit, the optimum value of Q 2 is found to be 0.32. On the other 
hand, the curve for Q 2 = 0.414 yields the least variation in gain. In 



amplifiers Dlmcnsionless curves of e/u as a function of w/w 2 for shunt-compensated 

general, therefore, it would appear that the value of Q 2 should lie in the 

range from 0 32 to 0.41. Frequently a value of Q 2 of 0.5 is used, for 
reasons now to be discussed. 

The cun t, foi Q 2 — 0.5 yields a relatively uniform amplification over 
as vice a tequency range as for any value of Q 2 . For this case, the ^ 
relative gain increases by about 3 per cent (= 0.3 db) at <u/a> 2 = 0 . 70 . 

is is requen y a tolerable increase if only a few stages are used. 
Moreover the time-delay errors of the individual stages are additive and 
wouid be tolerable in many applications. If many stages are to be used, 
then the situation changes. For example, a 10-stage amplifier designed 
with Q 2 = 0.50 would have a 3-db (41 per cent) bump in the gain curve, 
with a corresponding serious time-delay error. Such characteristics 
might not be tolerable, and a value of Q 2 of 0.41 or lower would then be 
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thfmn?’ therP , f ,° re ' Y* aCCeptable valuc of 9* "'ill be determined by 
the maximum allowable variation in gain and the tolerable time-delay 

error. If one can tolerate the resulting variation in gain, then a given 

number of stages with <?, = 0.50 will provide a given gain with a broader 

bandwidth than is possible with Q. = 0.41. This means that the renuire- 

nmnt for mexmium flatness sacrifices bandwidth for a more uniform 

amplification curve and less time-delay or phase distortion. 

t should perhaps be emphasized that the inclusion of an inductance 
&sa compensating net work has resulted 

in a rather remarkable improvement 
in 1 espouse. That such a simple cor¬ 
recting network does not provide both 
optimum gain and constant-phase 
characteristics for the same conditions 
should not be surprising or unexpected. 

More elaborate h-f compensating net¬ 
works that provide better gain charac¬ 
teristics have been devised. A num¬ 
ber of these are discussed later. 

4 - 14 . Transient Response of Shunt- 

peaked Amplifier. Some clarification 
of the need for a broad frequency- 
response characteristic is possible by 
examining the transient-response char¬ 
acteristic of such an amplifier. In 
particular, suppose that the amplifier 
is to amplify a narrow pulse, say one 
that lasts for a microsecond or less. 

Pulses of this time duration arc found .. 

in television receivers and also in radar receivers U • , 

and relate the transient-response characteristic with the hTT ^ 
of the amplifier. th the h " f characteristics 

Consider first the uncompensated amplifier to whir* n * r 
Potential is applied. The approximate equivalent f P [ UnCtl0n of 
the applied input potential and the form of tt 1 UK ' Ult ’ thc form of 
Given in Fig. 4-20. If the potential tenfuL, ' are 

when the ^ oSlrx^rro 1 £ * =0 

p-t/r^Cg} _i_ n 

' QynR'll 4 * (1 — Q t/RiC g s j 



F | U -' 4 ‘ 2 e. The uncompensated an, 

PM-r and its transient' re^m so "o 

an ,nput step-function potential. 


e 2 = - 


ff | (1 


^hich shows that the output will not follmv m r i 

approach the steady-state value in I Y aPP P ° tCntial but will 

111 ,he customary exponential manner. 
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the amplifier to change from 0.1 of its final value to 0.9 of this value. By 
inserting these values into Eq. (4-56) and solving for the corresponding 
value of t, it is found that, at the 0.1 point, the time is O.l^zC, and, at the 
0.9 point, the time is 2.3 RiC 0 . The rise time is then given by 


/ rise = 2.2 RtC 0 = 


2.2 0.35 


2? rf 2 /; 


(4-57) 


Thus t riBG is seen to be inversely proportional to the band pass of the 

amplifier. Suppose, for example, that 
1 2 is 1 Me. It will then require 0.35 
Msec for the potential to rise from 0.1 
to 0.9 of its final value. A 1-Msec pulse 
will be distorted, but it will retain some 
semblance of its original form. How¬ 
ever, a 0.1-Msec pulse will be completely 
distorted if f 2 is only 1 Me, a value of 

10 Me being required if the same rela¬ 
tive shape is required as with a 1- M sec pulse and a 1-Mc amplifier. 

For the case of the shunt-peaked amplifier, the network to be eval¬ 
uated is that given in Fig. 4-27. The network equations have the 
operational form 



tiG. 4-27. The shunt-peak amplifier 
circuit. 


( r p Ri) 4~ I*cp)i\ — (Ri + L c p)l2 = —M^i 


—(«* + z 


Up)ii + (jti 


+ L -r + i) ' o 


(4-58) 


where p is the symbol for the time derivative operator d/dt. The result- 

( * eien ^ a ^ e Q u ation relating i 2 with the applied potential e\ and the 
network parameters is 


\ 


1 2 = 


ZM(«i + L c p) 


-—-- l I J 

(r p + Rt + L'P) (fl, + LcP + _Lj _ (/J, + LcV ) 


ei 


(4-59) 


\ ‘ C \pj ' ‘ 

The output potential is then related to the input potential by the dif¬ 
ferential equation 

e 2 =--- _ ~m(/?z + L c p) _^ 

C 0 P (r p + Iti + L cP ) (r z + LcV + 1 \ _ ( Ri + Lcp yl 

' C/ nT) / I 

(4-60) 


The solution of this equation is somewhat complicated/ the results are 
best given in graphical form. This is done in Fig. 4-28, which gives 
the step-function response for various values of Q 2 for C„ initially 

.uai nli 1 ^ 1 u 
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The foregoing analysis can be extended to the case of such amplifier 
stages m cascade. The procedure is straightforward, though the result¬ 
ing equations are complicated. The results for two identical stages in 
cascade are given in Fig. 4-29, and the results for three identical stages in 
cascade are given in Fig. 4-30. It is observed from these sets of curves 
that the rise time of the amplifier decreases with higher values of Q, 
However, the fastest rise time with negligible overshoot occurs for the 
value of Q 2 which gives the most linear-phase characteristic. 

The foregoing considerations suggest a simple direct experimental 
method of obtaining the band pass of an amplifier. The input to the 
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Fm. 4-28. The step-fane.ion response of the shunt-peaked amplifier, 
amplifier is a square wave, and the output is observe 
The vise u, „ he,.,,, defined i. lh .' n STT 

band pass through Eq. (4-57). The souare , 1 d to the 

transient source in order to permit sufficient intensitvfor & re | ,eatln g 
tion on the face of the oscilloscope. Of cmirse 1 ° bser '' a - 

have a very small rise time, and the oscilloscope nmst" 3 ' 6 " a '° mUst 
ciently high frequency response compared with the • P° sses s a suffi- 
not to influence the results. An accurate swee. n lpllfler un der test 
for measuring the rise time. " P callbrator " ould be used 

of « thC H ' f rCSPOnse ch —ter 
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~£/RC 

Th ' Of three identical .hunt-peaked amplifier. i" 

” 0S r ri ° e t0 * h “ » f «“ »■»* shunt-peaking cm- 
pensation. Inis icsults from the fnpf ii *• r .. ju «« 

shift characteristics do not deteriorate , n amp ‘ lfac f lon and , P ^ e ' 

emt as in other h-f compensating systems having the same h-f limit. 
° a P P r ,,tadv “‘*S« - Circuit, is largely eiimi; 






Sec. 4-15J UNTUNED POTENTIAL AMPLIFIERS HI 

amplifier of Fig. 4-3H with L = X iC R'- is 1.57/fC; for the series-corn 

pensated amplifier (Fig. 4-316), with C. + C- = C C, - C 0 r arZ 

^2 - ZotK /64, the rise time is 1.24/?C. 



ZaV-Shunt 



1 1 r 

-lili 

^-Series m-derived 



/?< 


1 


ci Tq 


Series 
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^c)-Senes-shunt //T^TTTh ^ ^- 

Fir 4 *3 1 \r n • if . z sect!on constant /c 

v V'* 31 - Nanoi,s h " f compensating coupling circuits m T t a 

April, 1942.) b U lS ‘ W L • A/Te*, Electronics, 

4-16. L-F Compensation. The 1-f end of the frenuene,. 

may be extended by the use of a capacitance across » r P ° ns i e c “ rve 

resistance, as illustrated in Fig. 4-32 In this m th T* j° n ot oa< ^ 

ance is effectively * at the high frequenct owfn V !,'"t ^ 

action of the capacitance C c across R c . At the I ° f° 6 shuntm S 

shunting effect of C c is negligible, and the load re 1 >' reque "f les ’ the 

*■ + The increased s ,i„ of ihe « “ 7 elT “ ,ivel >' 

eflective load impedance thus compensates for the f ° lncreased 

from the pofe,dial-divider actio,, offhe c„ uo l c,° h “"V "u ‘ 
resistor. I n this case as for the h f „ P ‘ " g ca P acitor and the grid 

i»«»choice"; oiri'f ^i 1 ;; ““*»“*».»«he 

I he equivalent circuit, given in Fio - •, i A i A i , 
again made of the fact that pentodes are gmmrally usedTSleo amplF 

e combined output load imnedance Z 
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Also, in general, the grid resistance of the following stage R g is large com¬ 
pared with the load resistance R h 

The mid-frequency gain assumes that the reactances of C c and C are 
small compared with Rj and R g , respectively. The gain expression is 



then simply 


K 0 = —g m R 


i 


(4-61) 


„ lhe *' f 8 a in is readily obtained from an examination of Fig. 4-33. 
The expression is 

K, = -g m Z R 


(4-62) 


R„ + 1 /juC 

where Z is the total effective impedance of the output network at the 
low frequencies. By inserting the known value of Z in Eq. (4-62) and 



E. 


e ef iuivalept circuit of an 1-f-compensated RC amplifier, 
combining with Eq. (4-61), there results 

K, = _ 
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T juC, 


Rq H-: 
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Ro + 7 
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(4-63) 
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or 


K, 

K„ 


1 


Ri + jo>C c R e R, 


1 


R, + R c + juC e R c R, + l + juCff 


which is 


M'Ri 1 + juCR 


M'R 


K, 

Ko R, 


1 


. Ri + juC'R c Ri I + j u CR a 

R° Ri + Rc + juCJRR, ju>CR s 

But ordinarily the ratio R,/R, « ), and Eq. (4-04; becomes 

Kf _ 1 

K 0 


Ri 


Ri + R c 


1 4- juCJtc 1 + UijCIt 


r; 


i + j<*C, w 


RcRi jwCR 


Rc + Ri 


Thi 


ee time constants appear in this expression, viz., 


CcRc C c 


RcRi 


Rc + Ri 

By choosing the parameters such that 

RcRi 


CR 


CR 0 = C c 


Eq. (4-65) becomes 


K> 

Ko 


Rc + Ri 


1 


f 


which is 


R i 1 + jo>C c R c 1 + juCR 
Ri + Rc 1 + juCR, ~juCR7~ 


K, 

K„ 


1 


1 


(1 + M'cRc)(l/j*C c R c ) - 

This may be written in the form 


K, 

Kn 


— 1 _— /tan-' ^ Ct 

Vl + {XcJRcY / a " IT 
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(4-64) 


(4-65' 


(4-66) 


(4-67) 


(4-68) 


(4-69) 


,It is noted that this choice of parameters yields a„ 

* for the 1-f response for the compensated case as that of fh Samu ° ,m 
amplifier, and the universal ampbfication curv^s ^Lt 

rect interpretations are made. In the present case the 1 f rp S ' e °° r 

trolled by the time constant R c C c rathe?thTn b the ™ t 

The 1-f cutoff value now occurlaTthe l2l * ° m,8tant 

f = - /? ' f 

J R c + R, h (4-70) 

■l^^^ghm^h^lue of R„ the better the compensation 
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If the circuit parameters are not chosen according to Eq. (4-67), over- 

compensation or undercompensation 

may occur, a rise or a fall occurring 
in the frequency-response character¬ 
istic at the low frequencies. The 
effect of overcompensation is readily 
manifest in the transient response, 
the output waveshape for a square- 
wave input having the rounded out¬ 
put shown in Fig. 4-34a. The corresponding effect for undercompensa¬ 
tion has the waveform shown in Fig. 4-346. 



Fig. 4-34. The transient response of an 
(a) 1-f-overcompensated, (6) 1-f-under- 
compensated video amplifier. 
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PROBLEMS 

4-1. The important constants of one of a chain of RC coupled amplifier stages 
employing pentodes (see Fig. 4-3) are 

R t == 75 kilohms r p = 10 6 ohms g m = 1,600 /zinhos C = 0.01 juf 

Cgk = 11 MMf Cpk = 8 ppf Rg = 500 kilohms 

a. Calculate the mid-frequency gain and the upper and lower cutoff frequencies. 

b. Between what frequencies is the amplifier-stage phase 180 + 15 deg? 

4-2. The frequency response of a three-stage cascaded RC amplifier employing 
pentodes is to be constant within 0.5 db up to 18 kc. Calculate the h-f cutoft of 
each stage. 
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ll „V 3 ;., Fmd an expression for i t of the grounded-emitter transistor amplifier 
under the conditions for which a is represented by Eq. (4-21) 

4-4. Consider the grounded-emitter junction transistor under conditions of a 
short-circuited output (zero resistance load). 

o. Show that the current gain A',,, under these conditions is nearly a/(l - a) 
b. Combine this expression with Eq. (4-21) for the variation of a with fre¬ 
quency, and deduce an expression which gives the h-f cutoff in terms of the 
mid-frequency value. 

4-5. Suppose that a transistor for which Fig. 4-15 applies has an a cutoff of 

°' 5 , and a ^‘lector capacitance of 60 W f. If the load is to be a resistance R, 
and the bandwidth of the current gain of the stage in the common-base connec¬ 
tion is to be at least 0.25 Me, find the maximum allowable value of Ri. 

lint: Pind an approximate circuit corresponding to Eq. (4-26), and analvze 
tins. 

4-6. Sketch the current gain as a function of frequency of the common-base 
transistor amplifier. Assume that the curves of Fig. 4-15 apply for the transistor 

4-7. Consider a chain of similar triode circuits in cascade. Show that the 
limiting gain-bandwidth product is given by 


K-B = ■—— 


9 


m 


2-rrCt 

\\ hat can be said about the use of triodes in a cascaded chain? 

*~ 8 '. C ’ oin P ute the fi £ ure of merit of the following tubes: 6AK5 6AC7 6Tfi 

A m Q <\ II \ *7 t^ | ^ ^ „ i . ... , , cteristics.) 

4-y. A 0AC7 tube is used as one of a chain in a video amplifier that is shunt 

compensated at the high frequencies and is also 1-f compensated. The circuit 



C 2 


of this amplifier is shown in the accompanying di*»o- r .»Tn n i i 

** that will yield the same gain at the f ^ ^ °J 

Assuming the stray wiring capacitances to be 20 uu( the till p & m,d_ban ^* 

6AC7 are C = 0 01 -q C , J ^ „„f r If, * tube ca Pacitanoes of the 

mum conditions for the 1-f compensation. W ' alculate /■ under the opti- 

4-10. A video amplifier stage is constructed usino- a BAP? An ; , 

2"*“/?- i£S=o£ tion drops °- 707 of the —=4 
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a. For what value of R t will the h-f cutoff value be 3 Me? 

b. What value of L c is required for flattest gain under the conditions of (a)? 

c. What value of L c is required for ‘'compromise” gain? 

d. What is the mid-frequency gain? 

e. What is the phase angle for flattest gain when / = O.S/ 2 ? 

4-11. A video amplifier using 6AC7 tubes is to provide "an over-all gain of 
20,000 with a 3-Mc over-all bandwidth. If the total stage shunt capacitance is 
25 MMf and with g m = 9,000 /mihos: 

a. Calculate the number of stages required, for Q 2 = 0.414. 

b. If 6SJ7 tubes arc used ( g, n = 1,600 jzmhos), how many stages are required? 
4-12. A five-stage shunt-peak video amplifier is to be built. 

a. If the amplification must not rise more than 1 db above the mid-frequency 
gain, estimate the value of Q 2 to be used. All stages are identical. 

b. 11 the time delay at the h-f cutoff point is to be within 10 per cent of the 
mid-frequency value, what range of Q 2 is permissible? 

4-13. Refer to Fig. 4-17 showing a resistance-coupled amplifier. The circuit 

constants are R tl =- 250 kilohms, R o2 = 500 kilohms, 7? cl = 500 kilohms. If 

In = 0.5 ma, E bb = 300 volts, what must be the value of E cc if E c of T2 is to be 
— 8 volts? 

4-14. Calculate the gain of the series-balanced d-c amplifier shown in the 
diagram. 


1 



\<-OufpuK\ 

> 

> 

1 

— AAA A 

Ebb 

*2 

2 

k 


the cat*h ndl n a( ^ m iltance and the effective internal impedance of 

ts^ssstisss: when —«*• ■■ * ho '™ in «-■» *** 

s- szsszsjgr- ,B “ terie ' h,ve b “ n 

.b. Input impedance. 

c. Ratio of output to input power if Z, an d Zi are resistors. 
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tive feedback in amplifiers, although oscillators of the feedback variety 
depend for their operation on the presence of positive feedback 
Observe that, for the case when K? = 1 + jo, the gain becomes infi- 
te. In this case the amplifier becomes an oscillator, and the output 
potential is independent of any external signal potential. 

Attention is called to the fact that the action of a feedback path 

depends upon the frequency of operation. That is, the feedback may 

remain regenerative or degenerative throughout the range of operation 

the circuit, although the magnitude and phase angle of the feedback 

?nal may vary with the frequency. It is also possible for the feedback 

c i be positive over a certain range of frequencies and negative over 
( nother range of frequencies. 

cafhT P ,!L Th I, T 11 ! 1 , of . il 5j. m|>le tri0 ‘ lc amplifier with an impedance in the 
cathode lead is illustrated in Fig. 5-2. This circuit is to he analyzed by two 



E 2 



E. 


1 

Fig. 5-2. A simple amplifier with cathode degeneration. 
^,° dS mi. 0ne me J h0d V S * direct a PPhcation of the feedback equation (Fn 

Spiel SeC ° me ° d iS 3 dirCCt appHcation eleewtube circuH 

Solution. Refer to the equivalent circuit of the amplifier ^hPuTic • 

Fig. 5-26. Observe that a part of the output is fed back into th • f'. 6 ” ln 

through the impedance Z k . It follows from the figure that ^ mP ClrCUlt 


But since 


E, = Ei + IZ, 


) then 


-1 


(5-5) 


(5-6) 


E “ E ‘ + R t Ej (5-7) 

* SSSSt" “ " M ‘ Eq ' <5 ‘ 1) ' •*“ *'« Mta* fraction. 


Note also that 


5 = 


Ri 


(5-8) 


E 2 = I/?z =- 


n 

r P + Z k + R t IU 


(5-9) 
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E 2 

K = — = 


— yRi 


r P + Z k + R, 


(5-10) 


The resultant gain is, by Eq. (5-4), 


K f = 


1 - K? 


—fiRi/(r p 4- Z k 4~ Ri) 
„ — yRi 


1 - 


_ — yRi _ 

r P + (m + 1 )Z* + ftz 


(5-11) 


r p + Zfc -f- 


These results follow of course from direct considerations of the equivalent 
circuit. The plate circuit yields the expression 


But 


/iE 0 ~f- I(r p 4- -f ift) = 0 


(5-12) 


E, = E t + IZ, 


(5-13) 


The solution of these equations gives 

A*(Ei 4- IZ*) + I(r P 4~ Z* + Ri) = 0 


hr* 


from which 


- M E 


1 r p + ( M + 1)Z, + fl, (5 ’ 14) 

and the resultant gain is 

v _ Eo — i-iRi 

7 = E; = r p 4- (m + 1)Z* 4- Ri (5 " 15) 

which is the same as above. 

Often Z k consists of the parallel combination of R k and C k} the value of R k 
being so chosen that hR k is just equal to E C} the quiescent d-c bias of the tube. 
The capacitance C k is so chosen that its reactance is very small over the operating ' , 
range of the amplifier. As a result, Z k is very small and may be omitted in the v 
above expression. In this case, the usual simple amplifier formula is obtained, 
since the feedback factor (I is zero, and no feedback exists. 


5-2. Feedback Amplifier Characteristics. The presence of negative 

feedback in an amplifier results in a number of desirable characteristics. 
These are discussed below. 

1. Stability of Amplification. Suppose that the feedback is negative 
and that the feedback factor K(5 is made large compared with unity. 
The resultant gain equation (5-4) becomes 


K, = - 


K 

Kg 


(5-16) 


This means that when the magnitude K(3^>> 1, the actual amplification with 
negative feedback is a function of the characteristics of the feedback net¬ 
work only. In particular, if (5 is independent of frequency, then the over¬ 
all gain will be independent of the frequency. This permits a substantial 
reduction of the frequency and phase distortion of the amplifier. In 
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fact, by the proper choice of feedback network, it is possible to achieve 
almost any desired frequency characteristic. 

Note that if Kg » 1, then K, = -K/Kg « -K, so that the over-all 
gain of the amplifier with inverse feedback is less than the nominal gain 
without feedback. This is the price that must be paid to secure the 
advantages of negative feedback. This is not a serious price to pay, 
since the loss in gain can be overcome by the use of additional tubes. 

Clearly, if Kg is greater than unity, then Eq. (5-16) shows that the 
over-all gain will not change with tube replacements or with variations 
in battery potentials, since g is independent of the tube. Even if Eq. 
(5-16) is not completely valid, a substantial improvement results in gen¬ 
eral stability. This follows from the fact that a change in the nominal 

gain tfK for whatever reason results in a change (IK, in the resultant gain 
by an amount 

dKf 1 dK 

K , |1 - Kg! K ( 5 ' 17 ) 


where |1 — Kg| represents the magnitude 'of the quantity 1 — Kg. 
This equation is the logarithmic derivative of Eq. (5-4). In this expres¬ 
sion, tfK//K/ gives the fractional change in K,, and rfK/K gives the 
fractional change in K. If, for example, the quantity |1 - Kg[ = 5 in 
a particular feedback amplifier, then the variation in any parameter that 
might cause a 5 per cent change in the nominal gain will result in a change 
of only 1 per cent in the resultant gain of the amplifier. 

2. Reduction of Frequency and Phase Distortion. It follows from Eqs 
(5-4) and (5-16) that the over-all gain of the amplifier is almost inde¬ 
pendent of frequency, provided that g is frequency-independent. In such 

cases the frequency and phase distortion of an amplifier are materially 
reduced below the nonfeedback value. 

3. Reduction of Nonlinear Distortion. One effect was omitted in the 
above considerations. It was implicitly assumed that the dynamic curve 
was linear and that the output potential was of the same waveshape as 
the input. If an appreciable nonlinear distortion exists, then the output 
contains harmonic components in addition to the signal of fundamental 
frequency. Suppose, for simplicity, that only a second-harmonic com¬ 
ponent B 2 is generated within the tube_when a large signal potential is 
impressed on the input. Because of the feedback, the second-harmonic 
component B' 2 that appears in the output is different from that generated 
within the tube. To find the relationship that exists between B' 2 and B- 
the procedure parallels that for the gain considerations. Thus, for a sec¬ 
ond harmonic B' 2 in the output, a fraction g B' 2 is supplied to the input. 
As a result, the output actually must contain two components of second- 
2*a£monm_frequency, the compo nent B 2 that is generated within the tube 
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and the component K §B' 2 that arises from the signal that is fed back to 
the input. This requires that 


or 


K §B' 2 + B 2 = B' 2 



b 2 

1 - K(5 


(5-18) 


Note that since both K apd (5 are functions of the frequency, in general, 
the appropriate values that appear in this equation must be evaluated at 
the second-harmonic frequency. 

It should be pointed out that this derivation has assumed that the 
harmonic distortion generated within the tube depends only upon the 
grid swing of the fundamental signal potential. The small amount of 
additional distortion that might arise because a fraction of the second- 
harmonic component is returned to the input has been neglected. Ordi¬ 
narily this procedure will lead to little error, although a more exact calcu¬ 
lation taking these successive effects into account is readily possible. 2 

Another feature of Eq. (5-18) should be noted. According to this 
expression, if 11 — K(5| = 10, then the second-harmonic distortion with 
feedback is only one-tenth its value without feedback. This is the situa¬ 
tion when the total output-potential swing is the same in each case; other¬ 
wise the harmonic generation within the tube could not be directly com¬ 
pared. This requires that the signal, when feedback is applied, must be 
|1 — K(5| times that in the absence of feedback. As a practical consid¬ 
eration, since appreciable nonlinear distortion is generated only when the 
signal potential is large, then the'full benefit of the feedback amplifier in 
reducing nonlinear distortion is obtained by applying negative feedback 
to the large-signal stages. 

4. Reduction of Noise. Considerations such as those leading to Eq. 
(5-18) for the resultant nonlinear distortion in a feedback amplifier will 
show that the resultant noise in an amplifier is reduced by the factor 
1 ~ Kg, when feedback is employed. This would seem to represent a 
real reduction in noise. However, if the requirement is for a specified 
output signal, the resultant gain with feedback will have to be adjusted, v 
by adjustment of the circuit parameters, or by the addition of amplifier 
stages, to give the same over-all gain as the amplifier without feedback. 
Consequently, the noise will be amplified as well as the signal. More¬ 
over, since the noise is independent of the signal, additional amplifier 
stages to compensate for the loss of gain due to feedback will introduce 
additional noise. In such cases, the over-all noise of the amplifier with 
feedback might be higher than that of one without feedback. If the re¬ 
quired gain is achieved by the readjustment of the circuit parameters, £ 
reduction in noise will result in the negative feedback amplifier. ^ 
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involved and interconnected that i, is not possible ZJy 
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+ 

i zi 

.+( 

E 2 


E, 

fc 



Fig. 5-3. Circuits employing current feedback 

POle " ,ial " * hc "™< 1 >T'» « whether 

v pec f m ” e <>» 

a --'sir- ssriffiHis‘ a 

z Szir s im rr 

NO, that, 10 , large feedh.ZZS 

K, = - I = _ 

Therefore the output potential is * 


(5-19) 


E, = 


- — E 
/?* 1 


(5-20) 


which is proportional to the load impedance Al^ + u 

ls given by ' Also, the output current 

E 2 _ E! 


I = 


Zi 


R 


(5-21) 


V - ' 

^vnich is seen to be independent of i j • 

ti 0 ,„ are characteristic of current “ '"Pedance. These condi- 

zi:t '»- « ii zzz:zt 

Slidsss ar s r ,n * p “ de “ i - «* 
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quently, current feedback has the property of increasing the internal 
impedance of the network. In fact, from the complete expression for the 
current, Eq. (5-14), namely, 

— nEi 


I = 


r p + (/i -f- I)#* + Zj 


o 




'Z‘£f aT b+{ / U+0Rjc 


it is possible to draw Fig. 5-4, which is the equivalent of Fig. 5-2a. It 

follows from this that the circuit in¬ 
cluding feedback comprises a poten¬ 
tial source E lf = ;uEi with an inter¬ 
nal impedance Z tf = r p + (m + 1)#*. 
Since the internal impedance without 
feedback is simply r p + Rk, the effect 
of the feedback is to increase the in- 


z*n 


Fig. 5-4. The equivalent circuit of 
Fig. 5-2a. 


ternal impedance by the term nR k . The ratio of internal impedances 
with and without feedback is given by 

Ztf r p + (/x + 1 )Rk , . nRk 


Z t 


_ r p + (/x + 1 )Rk _ , 

r v + R k ^ 


r v + R k 


(5-22) 


A circuit which employs potential feedback is given in Fig. 5-5. In 
this circuit, the resistance combination (3R + (1 — p)R = R which 
shunts the output is made large compared with the load impedance Zi. 
The capacitor C has a reactance that is negligible compared with R at 
the frequencies to be employed. Its sole purpose is to block the d-c 
potential from the plate circuit from appearing in the grid circuit. 



Fig. 5-5. Circuit employing potential feedback. 

The feedback ratio is shown as 3 in the diagram. Also for large feed¬ 
back ratios, the resultant gain approaches 


K f = - - 


* 

The output potential is, therefore, 


1 


E 2 _ 8 Ei 

which is seen to be independent of the load impedance, since g is inde¬ 
pendent of Z;. Observe therefore that potential feedback is 
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portional to the output potential, and the ratio 3 of the feedback potential 
to the output potential is independent of the load. A generator whose out¬ 
put potential is substantially independent of the load impedance must 
possess a very low internal impedance. Consequently potential feed¬ 
back has the property of decreasing the internal impedance of the 
amplifier. 

To obtain an expression for the resultant gain of the amplifier the 

feedback method will be employed. By neglecting the shunting elfcct 

of the feedback resistance network on the load impedance, it follows that 
the nominal gain of the amplifier is given by 


K = 


— nZi 


T v + Z 


(•"> 23 ) 


Then the resultant gain with feedback is 


K = __ _ ~ /iZ/ 

’ 1 - K3 ~ r p ~+ Zr+ 3 m Z, 


( 5 - 24 ) 


This expression may be transformed to the form 


K, = 


-v'Z, 

r' + Z, 


where 


1 + m3 


r' =-J_ 

p 1 + m3 


( 5 - 25 ) 


But this is exactly the output that is obtained from the circuit of Fig. .5-6. 
Consequently, the circuit behaves like a potential source E = — 1u it 

i _T o -Li 

with an internal impedance Z lf = r p /(\ -f 

“ tsr lhe ^ « 

tial feedback is to reduce the internal _Q— 

impedance in the ratio r p I 1 + 


(;tS) 




*2 


Zt 1+m5 ( 26) + [_|J 

From the form of Eq. (5-25), the cir- - 5 I 6 - The equivalent circuit of 

cuit gain appears to be that obtained * g ' 5 ' 5 ' 

LT a 4ot e th h r.h a T Il r Cati ° n f f C n° r iS and Wh0Se P' ate ^.stance 

ratio a ' t amplification factor is reduced in the same 

posses!' ® l b ° tUbe - ThiS indicates that a tube 

fow ■ P ? reslstance can b e effectively converted into a 

ow-Plate-resist tube and thereby permit an impedance match to a 

impedance load. J his is accomplished, of course, at the expense of 


7 
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The combination of current and potential feedback in an amplifier is 
frequently called compound, or bridge, feedback. The circuit of such an 
amplifier is given in Fig. 5-7. The feedback fraction is found to be 


Rt 


s = + ^ = 5 1 + 02 


(5-27) 


As in the analysis of Fig. 5-5, it is assumed that the resistance combina¬ 
tion R is much greater than Z ( and that the reactance of the capacitor is 
negligible over the frequency range of operation. The resultant gain of 
the amplifier has the form 

k_ ~m z i _ 

' " r p + (m + 1 )Ru + (1 + Mffi)Z« 


This may be written in the form 


K" - ~ v " Zl 

' r" + Z, 


where 


V" = 


1 + rfi 


(5-28) 


,/ _ r v + 0 * + 1 )Rk 
p 1 + m8i 


The corresponding equivalent circuit shown in Fig. 5-8 gives rise to 
exactly this expression for the gain and is therefore the equivalent of 


E 2 


(l~Pi)R 


PjR 


7+/j.Pj 


•k< 


r p +(ju+l)Rit I 

f+MPl ZlU 


Fig. 5-7. A circuit employing bridge, or 
compound, feedback. 


Fig. 5-8. The equivalent network of 
Fig. 5-7. 


Fig. 5-7. The effect of the feedback is seen to reflect itself as a change 
in the effective /x and r p of the tube. The effective potential and inter¬ 
nal impedance are given by the expression 


E</ 1 + El (5-29) 

7 — r p (m 1 

1 + 

Owing to the form of the expression for Z,/, this quantity may be made 
greater than, equal to, or less than its value without feedback. 

Feedback can be effected over several stages and need not be limited 
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combines current feedback in the first stage through resistor Rl and 

potential feedback between stages is illustrated in Fig. 5-9 4 careful 

consideration of the polarity of the potentials which are fed back will 
show that both types of feedback are negative. 

It is not always evident what type of feedback is being employed in a 
given amplifier. The following tests will serve to clarify the situation: 

oendent of a , fe f dba< * Potential E, to output potential E 2 is inde¬ 
pendent of the load impedance, then potential feedback is employed. 
This ratio is the feedback fraction [5 = E//E >. 

of 2 th ; f i ratl ° °! feedback potential E f to load current I is independent 
the load impedance, then current feedback is employed. The ratio 
L f -k//! ^ the feedback impedance. 


E, 



Fig. 5-9. A two-stage RC coupled amplifier with current feedback in th,» fir ., t 
and potential feedback between stages. leeunack in the first stage 

3. If the feedback potential E f is the sum of two terms of the form 

E, = [5E 2 + Z f l 

where both i g and Z, are independent of the load impedance then com 
pound feedback is employed. ’ 

5-4. Effective Internal Impedance with Feedback. The discussion in 
he foregoing section has shown that the effective internal impedance of 
the equivalent plate circuit of an electron-tube circuit with WlL b 

mzr lhe 

ofh “ ■»*-. ■» appiy 

3 is feedback ratio 

K is potential gain without feedback, with load connected 
K, is potential gain with feedback, with load connected 

7 18 P ° ter ; tlal gain witho ^ Redback, with load open-circuited 

l Ve , in ^f. rna ^ P°t en ti a l source without feedback (this is the 
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E tf is effective internal potential source with feedback 
Zi is input-terminal impedance without feedback 
Zi/ is corresponding input-terminal impedance with feedback 
Z t is effective internal impedance without feedback (this is the Th6ve- 
nin impedance of the equivalent network and is the impedance 
looking back into the output terminals of the amplifier, with the 
load open-circuited) 

Z lf is corresponding effective internal impedance with feedback 
Zo is output-terminal impedance without feedback 
Zo/ is output-terminal impedance with feedback 
E 2 is output potential 
Ei is input potential to amplifier 
E/ is feedback potential 

(Refer to Appendix A for a general discussion of the Helmholtz-ThSvenin 
theorem.) Refer to Fig. 5-10, which shows a general feedback network 



Fig. 5-10. The general potential or parallel feedback circuit. 


which is provided with potential feedback. An expression tor the inter¬ 
nal impedance Z tf of this feedback network will be derived in terms of the 
inteinal impedance Z* without feedback. 

Consider fiist the amplifier with the feedback potential removed. This- 
is accomplished by removing lead A from the feedback network and con¬ 
necting it to the cathode K. The Th6venin potential-source equivalent 



CL 


Fig. 5-11. The equivalent circuit of Fig. 
5-10 with feedback removed. 


of this circuit is given in Fig. 5-11. 
Z t in this diagram is the effective 
internal impedance without feed¬ 
back, and K, is the gain without feed¬ 
back on open circuit (with Zi omitted 
from the diagram). 

To deduce the equivalent circuit 


of Fig. 5-10 with feedback present, 
note that the effect of feedback appears in the form of the potential E 0 . 

Without feedback, E g = Ei. With feedback, E ff == Ei -f- (5E 2 . Clearly, 

from this discussion, the equivalent circuit of Fie. 5-10 with feedback 

__J • i! . 1 • 


fit- 
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even though it is the equivalent circuit of Fig. 5-10 when feedback is 

present, is not a Thevenin potential-source equivalent representation 

ecause both Z, and K,(Ej + 3E 2 ) are functions of the load. Note from 
the diagram that 

E = = K,(E, + 0E 2 ) - IZ, 

Therefore 

E 2 (l - JK ( ) = K,E, - IZ, 
or 


E 2 = 


_ K, 


Ei - 


Z, 


I 


(5-30) 


1 - (IK. * 1 - 3K, 

The Thdvenin equivalent network for the circuit with feedback is accord¬ 
ing to this expression, that shown in Fig. 5-13. 


+ 


Kt(E i+ (5E,)Q 



CL 

Fig. 5-12. The equivalent circuit of Fig. 5-10 with feedback present 

K t 

-•- 1 J 

I'ig. 5-13. The Th6venin equivalent network of Fig. 5-10 

As a check of these results, it is noted that K,E,/M - 1 . 

the open-circuit potential with feedback, K/E,. This aeroes 

result obtained in Eq. (5-4) that K/ = K/(l - 3K) mu, 8 . i- ^ 

ance with potential feedback is ? The ^ lnternal ™ped- 



Z„ = - 


Z, 


1 ~ 5K, 


(5-31) 


Since, for negative feedback, 1 — 3K, is ptoow , . 

that th tH 1 leSS l than ^ With ° Ut feedb ^k. U N atemo r eover" 

the gain 6 , SfSSSl ^ * ** ““ faCt ° r “ 

cJtof S Ff 'd thCSe feSUltS t0 the Potential-feedback cir- 

. ; 5 : 5 ' the lo * d IS oPen-circuited, then the magnitude of the 

gain of the circuit is simply the M of the tube and K, = Also the 

e v!! a - lm ) pedance without feedback is r p , whence Z, = r p . The results 
so obt ained agree with those in Fig. 5-6. 
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on the effective internal impedance. Refer to Fig. 5-14, which shows a 
general feedback circuit with current feedback. Although the imped¬ 
ance Z, is shown isolated from the remainder of the circuit, it is a part 
of the feedback circuit and is not part of the external load Z;. The 


Amplifier 
nominal pain 

K 




Fig. 5-14. The general current or series feedback circuit. 


Jr 


o 



Z /U h 


Flo. 5-15. Tho equivalent eireuit of Kg. 5-14 with l.edb.ek pre-wet 


tt'f, T‘" , b ' °( ‘ he fo ™ sh °'™ » Fig, 5-15. In this di.- 

includes the eff ° t* / 7 Gln ^ lm P edance looking back from the load and 
includes the effect of Z f . From Fig. 5-15 it follows that 


from which 


K ‘( E i + iz f ) = l(Z, + z,) 


I = 


_K. E, 

Z| Z/K, -f- Z, 


K t Ej 



Q 


Z t K t Z/* 


<r> 


+ 


But this is the current that exists in the circuit of Fig. 5-16, which is the 

Thdvenin equivalent with current 
feedback. 

The effective internal impedance 

of the equivalent Th 6 venin generator 

with current feedback is thus seen to 
be 

Z (f = Z t - K t Zf (5-32) 


E 


X The Theven i n equivalent of 

Fig. 5-14. 


fe k edback is K ; Ei ’ which equals 

zera P feSUltS ’ and and so the feedback, is 

These results are applied to Fie 5-3 Tf . , . , 

len-eircuit vain K - _ £.5 f‘ U he out P ut 18 removed, the 


open-circuit gain is K, = - 


-Ql 


1 




I 
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back is Z t = r p -f* R^. Hence 

= t p ~f* Rk + v-Rk 

which agrees with the previous result. 

.s:,U"Szt r of 5 ' 17 b! ' ihe ““ ”«“*■ 

Solution. The equivalent circuit is given in Fi^ 5-17/) Tt firct . , . 

the grid-cathode potential E. is given by the Lpresslon “ “ ^ n ° ted ^ 


But since E* = I R k) then 


E y — Ei — E 


E, 


= R k 


which is independent of the load impedance. This indicates according to th» 
criterion given in Sec. 5-3, that current feedback exists ® the 



E 



---wicuiaut auu equivalent circuit of Example 1. 

To analyze the circuit completely, it is desired to calculate both K, and Z 
To evaluate these requires an evaluation of (3, K, K, and Z Nnf/f T/ 7 * 

equivalent circuit that. v Q Ll ' lNote from the 


Ei: Ri 


5 - 


E2 Ri 

The nominal gain is found by noting that 


But 


SJE, + (E, - E t ) (l + i.') = _ E 2 

vp Ri/ Ri 


Et = 


Then 


Ri R 2 


<7mE 0 -p E 2 ( 1 + 


or 


R* 

Ri 



U 1 


,e 2 

r P RJ + R t ~ 0 


Qm^o 4" E 2 


Therefore 


1+1 ( g» + g»)(g, + T„) 

R ‘ R > r p R l 


= 0 
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K, = 


—fiR 


r v + R 


(5-34) 


Also the equivalent impedance Z, is 


Z t — R 2 + 


fpR 1 (jp -b R\)Ri + t p R\ 


r v -f R 


Tp + R 


(5-35) 


It follows from these expressions that the gain with feedback is 


QmR 1 


r P R 1 “b ( Ri -b Ri)(R\ — t p ) 


K, = 


TpRl 


1 + 


R 


QmRl 


This reduces to 


Ri i"pR\ ~b (Ri ~b R2)(Ri ~b Tp) 

T P R\ 


K, = 


—liRiR 1 


t p {R\ ~b R2 -b Ri) ~b (m ~b 1)R\R2 -b R1R1 

Also, the effective internal impedance is 


(5-36) 


Z(/ — Z< — KfZ/ 

{r v + R x )R t + r p Ri 


+ 


uR 


Z lf = 


Tp + R\ T v + R x 

r p{R\ + R2) ~b (m + l)i?i/?2 


R 


r v 4 - Ri 


(5-37) 


It is of some interest to examine the effects of the feedback on the gain and on 
the effective internal impedance. The gain ratio, given by the ratio of Eq- 
(5-36) to Eq. (5-33), is found to be 


_ r p(R\ ~b R2 ~b Ri ) ~b R\Ri ~b R\R2 
K + R2 + Ri ) + R1R1 + (m + 1 )RiR 2 

which may be written in the form 


5/ 

K 


1 + 


uR\R 


r P (Ri + R 2 + Ri) -b R1R1 + R1R2 


This expression shows that the resultant gain with feedback is less than that 
without feedback, as expected. 

In a somewhat similar way, the effective internal impedances may be compared, 
to examine the effects of the feedback. By Eqs. (5-37) and (5-35), the ratio is 
readily found to be 


^ = l |_ /1R1R2 

r p{R\ -b ^ 2 ) ~b R1R2 


The effect of the feedback is to increase the effective internal impedance, which is 
chan^teristi e of ci 
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Solution. In the present case, since E* is the output potential, then since 
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across 


it follows that 


E 0 = Ex - E 


5 = -1 


But me S i, independent ol the load, then potential teedl.. „„„ e,«t, 

6-m TtToto'tht * ** «' “» .( Fig, 


Also 




+ (E 2 - E*) ( - + 1\ = 

Vp rj 


R~ 


E, = 


Then 


-^E 

R, Ei 


e, 


-E*( 


1 + 


0 C~ + w) - 


= 0 


Therefore 


,E ff - E* — + _L + r p) 

\_Ri R 2 r p R j 




which is 


_L 4- (Ri + f? 2 )(/?i +r„) 
*« ^ - 


__/?!•/? 2 

+ (ft + r 2 kr 1 T^7) 


The equivalent gain on open circuit 


K, = 


Also the equivalent impedance Z t i 


vR i 

r v 4- R i 


Zt = R, + _^I_ = l -Iz± Ri)R, + r p R t 

Tv + R ' 

It follows from these expressions that under feedback conditions 

K, = _ rt iRt/lrpRi + (g, + #.,)(#, + ^ 

which reduces to ' + liR ' Rr ' KR ' + + *•>/(*« + r,)l 


(5-38) 


(5-39) 


(5-40) 


IT. - 





(5-41) 
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Ztt = 


1 - 5K ( 


(r p -j- Ri)Ri -j- r p R\ 

_ t'v 4 ~ Ri _ 


1 + 


r P + Ri 


Ztr = 


(r p + R\)Ri -f- r p R A 

r v + (m + l)Ri 


(5-42) 


While it is possible to draw certain conclusions from a comparison of the results 
obtained in Examples l and 2, the same conclusions are possible from the simpli¬ 
fied circuit illustrated in Fig. 5-18, in which Ri = R 2 , and Ri is set to infinity, or 

a an open circuit. This circuit is known as a 

S_ single-tube “paraphase” amplifier and pro- 

< vides two equal output potentials of opposite 

4 - polarity from a single excitation source. For 
+ the case when the output potential is E 2 , the 

I . F significant expressions deduced from Eqs. 

-gj ^ ')+ f 2 (5-36) and (5-37) are the following: 

Eit 


K, = 


i — i r j j K -vRi 

Fig. 5-18. A single-tube “para- f r P + (m + 2 )R t (5-43) 

phase" amplifier. Z f/ - r p + + l)R t 

When the output potential is E*, the appropriate expressions become, from 
Eqs. (5-41) and (5-42), 

K = 

* r p ( M +"2 )R t 

r _r p + R l . ( 5 ' 44 ) 

z,/ = 7 +T 

It will be observed that the gain of the amplifier with respect to each output 

pair of terminals is the same. However, it is also noted that the effective internal 
impedances looking back from these terminals are 

quite different, one being much higher than the i—- 1 -• - A 

other. 


K, = 


Z„ = 


6-6. Effect of Feedback on the Output- Ll z i 

terminal Impedance. The output-terminal_|_^ _J 

impedance of a circuit is the impedance look- Fig. 5-19. The output-termi- 
ing back into the output terminals of the not- na l inipedance of the general 
work when the load impedance is in place, fecd back amplifier. 

but with the input potential reduced to zero. Clearly, the output 
impedance of an amplifier is the parallel combination of the effective 
internal impedance and the load impedance. Since the equivalent inter¬ 
nal impedance Z t j depends on the type of feedback that is incorporated 
in the amplifier, then the output impedance will also depend on the typ e 
of feedback. The situation is illustrated schematically in Fi 


7 Ss 

z ° £ 


Eo 


Fig. 5-19. The output-termi¬ 
nal impedance of the general 
feedback amplifier. 
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^ - - - - * \ ky J 

into the ouCH^ 1° 


Z 0 , = 


Zf/Z/ 


Z// + Zi 


where, for the case of potential feedback, by Eq. (5-31) 


(5-15) 


Z</ = 


Z, 


1 - 3K, 


and for the case of current feedback, by Eq. (5-32), is 


Z,/ = Z, - K,Z. 

m 


ance without feedbacCz^wherT'' f ° r ^ “ tCrmS ° f the ° Utput im P ed - 

Z,Z, 


Zo = 


z, + z 




(5-46) 





&4S2SSSSK1*'— »p. fc * 

to the output terminals. The situation ;= ;n * 

diagram is Fig. 5-1 appropriately modified io.ouf n !" ^ 5 ' 2 °- This 

nunations. In view of Fig. 5-11, which gives the lmpedance d eter- 

the general amplifier with potential feedback e % uiv ^ circuit of 
Eq. (5-46). feedback, then Z 0 has the form of 

Th. current I. from the applied aource ia seen be 

I, = e<lz_k^o 

, z„ 

and the effective output impedance with feedback is 

E_» _ Zo 

(5-47) 


Zo/ = 


, . , . Io 1 - Ks 

which is similar in form to Eq (5-4) tiv u 


A 


4 
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b. Current Feedback. The calculation for the output impedance of an 
amplifier which employs current feedback follows a similar pattern. In 
this case, as before, the input signal is reduced to zero, and a potential 
source is applied to the output terminals. The current-feedback circuit 
for the output-terminal impedance calculation then becomes that shown 
in Fig. 5-21. 

In this circuit Z 0 denotes the output impedance of the circuit without 
feedback and includes the effect of Z f . K is the gain without feedback, 




Fig. 5-21. The modifications to the general current feedback circuit for output-ter¬ 
minal impedance determination. 


but with 2.1 in position. The potential E 0 is the drop across Z/ and 
is I f Z f . 

It follows from the diagram, by taking account of the current through 
the load impedance, that 


E 0 = I 0 Zo - KI/Z/ 

But this becomes 

Eo = IoZo - K Z f (l 0 - 'I 

This gives 1 

Io(Zo - KZ/) = E„ (l — K 

from which it follows that the effective output impedance with feedback is 


Zns = - Z ° ~ KZ / __ <7 1 ~ K(Z 7 /Zo) 

1 - K(Z,/Z,) - Z ° T~^ K(Z,/Z,) 


(5-48) 


6-6. Effect of Feedback on the Input-terminal Impedance. It is of 

some impoitance to examine how the input impedance of an amplifier is 
affected by the presence of feedback. It will be found that the effective 
input impedance increases for both potential and current feedback. 

a. Potential Feedback. It follows directly from Fig. 5-10 that the 
input-terminal impedance with feedback is simply 






167 


Sec. 5-7] FEEDBACK IN AMPLIFIERS 

This may be written as 

7 _ — (JEo E„ 

Zl/ - ~i~ = 17 a - K ?) 

But the input impedance without feedback is 


Then 


Z — 

Zl ~ 17 


2 1/ = Z,(l - Kg) 


(5-49) 


degree as the gain and distortion decrease ’ the Same 

IS decreased. Clearly, therefore, ec Uve input capacitance 

C 1 




C„ = 


1 - K 


(5-50) 


b. Current Feedback. By proceeding is in r 
back, but now with reference to F^Tfi f 1 6 p0tentiaI feed- 

circuit, g ' J ' 14 f0r the general current-feedback 


Z„ = 


E, 

I< 


_ "0 


I z 


/ 


II 


= E 


But 


' I z ') r 


Then it follows that 


5 = 2T E 2 = KE 

Zi/ = Zj(l - Kg) 


.^ote that the input impedance with current feerlha i, • 

input impedance without feedback in the “. back 18 greater than the 

potential feedback. h degree as for the case of 

5-7. Feedback and Stability \ a i r • 
stability of an amplifier can be obtained f ° f lnformation ab out the 

1 - Kg that appears in the general eain ^ ^ a " alysis of the fact or 
best analyzed through the use of the [Eq ' (5 ‘ 3)] - This is 

Attention is first called to the • •« P ° lar P 0t ° f the ex P ress ion Kg. 

is test examined b“S:,“ce t Z”d °! ^ ™, 

, y r | elcrence to the diagram of Fig. 5-22. Observe that 
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network, but with the feedback connection open. In network parlance, 
this is the open-loop transfer function of the amplifier and the feedback 
network. In essence, therefore, consideration of the open-loop per¬ 
formance of the amplifier and feedback network is to be used to provide 
significant information regarding the performance of the amplifier under 

closed-loop operation. 


Ej 



Amplifier 
gain K 


K?E / | 


Feedback 

network 

— 3 


Fig. 5-22. To illustrate the significance of 
the factor K3. 


Kg is a function of the frequency, 
and, in general, points in the com¬ 
plex plane are obtained for the 
values of Kg corresponding to all 
values of / from 0 to oo. The locus 
of all these points forms a closed 
curve. 

As a particular example, suppose 
that the locus of Kg in the complex 


plane is drawn for the amplifier illustrated in Fig. 5-5. To do this, the 
complete expression for the nominal gain, including the effect of the feed¬ 
back circuit, must be written, rather than the simple form given in Eq. 
(5-23). Also, the value of 5 must include the effects of the blocking 
capacitor C. Certain of the features of the response of this amplifier are 
known At the mid-frequencies, the gain is substantially constant and 
has a phase of 180 deg. For the low and high frequencies, the gain falls 


Middle 
range of 
frequencies 



\ 


Fig. 5-23. The locus in the complex plane of Kg f or the circuit of Fig. 5-5. 

to zero, and the phase approaches ± 90 deg, respectively. At the 1-f and 

h-f cutoff values the phase is ± 135 deg, respectively. It may be shown ' 

that the general locus of Kg of this amplifier for all frequencies is a circle. 
The result is shown in Fig. 5-23. 

Suppose that a phasor is drawn from the polar locus to the point (l,/0). 
This is the quantity 1 - Kg, as shown. For this particular case, its 
magmtude is greater than unity for all frequencies, and it has its maxi¬ 
mum magnitude at the middle range of frequencies. Moreover, since 
the resultant gain varies inversely with 1 - Kg, then the effect of the 
feedback is to cause a general flattening of the frequencv-respon^ 
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Clearly 0 , ifTr a'^vTn ^imerT^-V tYT ^ 

tive, with an over-all r^Z . hen .‘he feedback i s nega- 

there is an over-all increase in gain and the feedh'T’ ^ ' ~ K?l < *’ 
consideration, show ,ha, if K 3 extends “ P “' i ™- Th «“ 

negative at that^ freqUency - then the feedback is 
egative at that frequency. If Kg lies within the unit 

circle, then the feedback is positive. If K3 passes 

later be shown, the amplifier is unstable and oscillate ” 

A nroro general analysis „ y Ny , ulst ,., , ho w"h he 

1,""" K » »dose. the 

this point Th 18 stable if the curve does not enclose ..piano. 

& - ■- -hen it. 

?srsrs ^ *• - • 

this amplifier i„ , he r f„ ge tor 

««.s.s the frequency range from/ ,. .. Note, ht-eve“ tha't S 

° CU ® °l, K ' does not enclose the point 
(1 JO), then, according to the Nyquist 
criterion, oscillations will not occur 

°~ 8 ' ^ ansistor Stability Considera- 
ns. Stability of a transistor circuit 

“ if th « input and internal 

resistances are always positive Of 

course, a negative value of either does 
The otPr 1 ^ imply ° Scillatl °n. On 

i< and * e L!S f ° r C ° mpletd y stab 'e 



f lG ■ 5-24. A plot of 
|l — KL*| = 1 in the 
complex plane. 


Frequency 



amplifier.** ^ P °' ar P ' 0t of an 


operation, positive values of both R and f ° r com P Iet ely stable 

t.. therefore of interest esamine'the e.I» sufficient condition. 

Resistances for both junction and point contlT* ^ ’ nput and internal 
, For junction transistors under nnZ transistors - 
always less than unity. Thus r - r ° P ® ratlon < the value of a is 

An examination of the expressions iov R . L «“? ' S always P ositi ve. 
-dicates that these have positive vahestr a n f ‘ v Tables ^ to « 

2. *nd 2. wifi have positi™ Z ^T T * “ l '“l*«<» tor 

queneies, the junction transistor i, , C , ons "l u “ u J. for the low fre- 
_ The situatio n f or the la unconditionally stable. 

6 P° lnt -^- -nsistors is nuite 
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result, there is a region of instability. The situation is examined in 
detail, for the grounded-base connection. 

For a positive input resistance of the grounded-base connection, it is 
necessary that R { in Eq. (3-35) be positive. Thus 


r e + r b 

But r b -f- r c + Ri > 0, whence 


r c ~ r m + R t 

Tb ~b Tc + Rl 


> 0 


r e (r b + r c + Ri) + r b (r c + Ri) — r b r m > 0 
which becomes, by dividing by r b (r c + Ri), 


or 


• ' e j | -j _ Tm 

r c + Ri r b r c + R t 


l \ Te ^ T e 

H r c + R l 


rV > 0 


(5-52) 


This expression shows that, for input stability, r b should be as small as 

possible; Ri should be as high as possible; or add external resistance to r e 
to increase this effective value. 

For positive internal resistance, from Eq. (3-37), it is required that 


r c — n 


r m - R„ — Te 


Write this as 


Rg + r e + r b 


- > 0 


r c (R 0 + r e + r b ) + r b (R 0 + r e ) — r b r m > 0 


Divide by r c r b to get 


Rg "b T e , ^ T m i R g r e 


or 


r b 


+ l ~T + 


> o 


1 + (Ro + r c ) 


Q -+-) > - 

Vb r t ) r c 


(5-53) 


To ensure a positive output resistance, r b should be small: also, R, + r ‘ 

M ■ ■ 1 J L n 1 ____ 


should be large. 


The conditions for stability of the other connections are given without 
proof in Table 5-1. Observe from this table that the addition of resist¬ 
ance in the base lead will ensure a positive input resistance from the 
grounded-emitter and the grounded-collector circuits. Also, for a posi¬ 
tive internal impedance, R g -f- r b should be kept small, or r e should be 
made large. The first of these conditions indicates that the cascading 
grounded-emitter or grounded-collector stages might prove troublesome. 
It should perhaps be noted that this is one of several reasons why poinf~ 

• _i . _ 


\ 
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junction transisto, it rough* ‘*0<i“ bovatS"’ 

TABLE 5-1 

CONDITIONS OF STABILITY 


Connection 


For positive input 
resistance 


Grounded-base 


Grounded-emitter 


Grounded-collector.. 



For positive internal 
resistance 


1 4- (70 4- r c ) (L -f iA > 

v* rj r c 


1 + 


r< 


Kff + r b 




m 


r e 


r e — r m -f- ]{ t -f- r e 


1 + 


r t 


_ l v. r m 

Kg + ri, r c r ~ 


Fig 5-26a, the equivalent circuit being g ^i ^ Tf T 

back circuit is singled out for detailed coLd Uion bec'aut of it ^ 

S1Ve USe “ a of ^-tions. These apphea iT en t m ^ 


1 




(*) 0 (b) P.O 

■ 5 ' 26 - SChCmatiC and equiva,ent circu 't of the cathode fo.We, 
fact that the cathode follower possesses a hio-h • . . 

low output impedance and may therefore be usedal ,mped ‘ nce and a 
between a high impedance source and a low i m ! *, Couplln S d evice 
The cathode follower is simdar to the l ° a± 
of Fig. 5-18, but with a zero plate load Th ^ paraphase am Pbfier 
shown in Fig. 5-266. The grid circuit i« ^ i ® q “ Ivalent Clrcu ‘t is that 
capacitances are neglected and the in f , lsolated . since mterelectrode 
five internal impedance"z! = The effec ‘ 

if M » 1, then Z it = - J 1/a p, t whlch 13 ver y low. In fact, 

from 1,000 to 10,000 ^rn'ios t hen”z °a ^ m ° St tUbeS Varies 

A double cathode-follower circuit has he Z , !’T to 100 ohms - 

h been devlsed which has a greatly 
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The gain is obtained from an analysis of Fig. 5-266 and is given by 



_mZ*_ 

r v (m + 1 )Z* 


_M_ 

(m + 1) + ( rJZ k ) 


(5-54) 


Clearly K approaches the limiting value m/(m + 1) as the ratio r p /Z k 
approaches zero, or as Z k r p . For tubes with large value of /i, and 
with Z& » r P) the gain approaches unity. For values of Z k and r p found 
in most normal cases, K is of the order of 0.9 or higher. In fact, it is 
because of this unity-gain feature that the circuit derives its name, since 
the output potential is almost equal to the input potential, whence the 




(cL > - (b) 

Fig. 5-27. Schematic and equivalent circuits of the cathode follower including the 
interelectrode capacitances. 


cathode and grid rise and fall together in potential by almost equal 
amounts (or the cathode follows the grid). 

The interelectrode and wiring capacitances have been neglected in the 
above discussions, as the effects of these are usually negligible for fre¬ 
quencies below about 1 Mc/sec. For purposes of our study, these will be 

ta en into account. The schematic and equivalent circuits are now given 
in Fig. 5-27. J 

The expression for the gain of the amplifier is deduced by analyzing 
the circuit. It is noted that 


E, = 


EiY Cffk + fiE g Y 


But it follows that 


and Eq. (5-55) becomes 


E 2 = 


Yc ok + Y p -f- Y c pk +c /k + Y 
E, = E x — E 2 

j<*c ak El + m Y p YEi - E 2 ) 


(5-55) 


MC 0k + c-^rcj^Y/r, + i /Zi 

Solving for the gain K f which is given by K r \= E 2 /E 1( there results 

4 


(5-56) 




I 


K, = 


(j^pCgk -f- f*)Z k l 


(5-57) 


jur p Z k (C ak -F C pk -f C/*) 4- r p ~^\- (n 4- 1 )Z k 

For those values of Z k which are normally used, the effect of the inter- 
electrode and wiring capacitances on th, 4 ‘ ' ' " ' 
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ligible for frequencies below about 1 Mr- « i , 

SO is seen by writing- Fn r - 7 \ • , " ' a ' s a reac ^ v noted. 

y Ulng (o-o7) in the form 
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i hat this is 


K, = 


1 + 


(Pjn+juCgdZk 

M± 1 
r„ 


+ A'f V ) Z 


(5-58) 


where CV = C k -f C 4- r r 

become important only for those fn^ ^ ° f the ca P acit ances will 

Mmhos, then / * gj^ J”' ^ ls tak ™ a * 30 M and = i >000 

refer to'° f ^ Cathode foIIo ' ver - 

comprises two components One of X ?' mg throu S h the source 
capacitance C„ and is 1 IS the curr ent through the 

11 = • 7 “ C ° pEl (5-59) 


The second is the current through the capacitance C,, This is 


T = j<*C, k E, 


B " 1 “ E ' - - E > »■' K, - E,/E„ then 


(5-60) 


1 he total current is 


r -' = joC tt (i - K,)E, 


(5-61) 


K/)C ft .E,] 


. , 1 - I. + I 2 = MC ap E, + (1 

and the effective input capacitance is 

^ = Cop 4- (1 — K f )C 

Since in many circuits K ic onn • ° (5-62) 

»*<= vine *' “ 0.9, ,h en c , has , he , pp J_ 

* = ^op + 0.1 C ok 

A comparison of this expression with the ™ , (5 ' 63) 

q. (3-16) for the conventional ampli- responding form given by 

her stage shows a roughly similar 
dependence on the tube capacitances 
although the numerical value for 
he cathode follower is considerably uE ] 

•"*' «, *!»» th.t for the convent " 

tional amplifier stage. 

The effective internal impedance 

current 7 termined ^ finding the -- 

the outpu^r^ 1 S' Th IiCat T ° f “ a ' C P ° tential E ° to 

^ The emiiirQlor.* •' 



G,P,0 
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impedance of the grid driving source is low. The effective internal 
admittance of the tube alone is found from 


I 0 = E 0 Yr + 


Eo — /xE. 


(5-64) 


But under the conditions specified 


E 0 — Eo 


Then 


Y!/ = 


Io 


E 


= Y t + Y p + g 


771 


(5-65) 


where Y T = juC T - It is of interest to compare this result with that 
which applies without capacitances being considered, viz., 


Y,/ = 


1 


M + 1 


tf 


~ Om + Y 


lb 


TV 


The effect of the interelectrode capacitances is the addition of the term 
Y t to the terms Y p + g m . Here, as for the gain, Y t does not become com¬ 
parable with the other terms except at the 
higher video frequencies. 

5-10. Graphical Analysis of the Cathode 
Follower. Suppose that the cathode im¬ 
pedance is a resistance /?*, and this is the 
usual situation. A graphical solution of 
the operation of the circuit is possible on 
the plate characteristics of the tube. This 
necessitates drawing the dynamic char- 



+ 

E bb 


Fig. 5-29. The cathode follower 
with a cathode resistor. 


i 


acteristic of the circuit from the known plate characteristics. Refer to 

Fig. 5-29 for notation. The controlling equations of the grid and plate 
circuits are 


and 


n 


^cn ibnRjc 


(5-66) 


(5-67) 


^bb €bn " 1 “ ^bTiRk 

Equation (5-67) is the equation of the load line for the plate supply E b b and ' 

the load resistance R k . The procedure for constructing the dynamic 
characteristic follows: 

1. On the plate characteristics draw the load line specified by Eq- 
(5-67). This is illustrated in Fig. 5-30. 

2. Note the plate current at each point of intersection of the load line 
vith the plate characteristics.. For example, the current at the intersec¬ 
tion of the load line with E c2 is labeled i b2 . 

-NojyjslahpJ 


> 
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according to Eq. (5-66). Thus 


etc. 


£ c * E 't + iuRt) 

tc - = E ci + i biRk \ 


the vaIuo of , or ,T. h tie o i ^ 

ame ol A„, and its corresponding i bn . 

I L i_ 


lb k Ei 


-Load line R 


£ cl^ej(.E cl H bl RjJ 



e b2 - 


w 

= *-b2&Jc -*| 



follower with cathode'resTs^ f ° r findmg the d >* namic characteristic of a cathode 


1 



Fig. 5-31. Graphical construction for obtaining ^ && 

P0tential btammg the Va,ue of * for a specified input 

Often the complete dynamic curve is not „„ • , , 

rent I b for a specified value of e, say E Rv p ,' qUI, ^ d ’ but onl .v the cur- 
> ’ y ^ ( l- (5-66) this is 

of h is calculated, and SiTted^onThep^t ^. Values are used )> th e value 
Fi f‘ «!• ^e intersection “ Sh ™ “ 

calculated points is the appropriate current / 6 COnnectln S the 

It should be specificallv LL t f “L ^ f ° r the s P ecified E. 

i^uit^ar ge before. T\ jL actual erid 6 ° f ^ ' npUt sig,lal E wiJ1 

-^|^g|lgr^thode potential. hecp mo . pos j_ 
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tive with the consequent grid current. That is, since the cathode poten¬ 
tial follows the grid potential rather closely (for a gain almost equal to 
unity), the input signal may swing considerably positive before the onset 
of grid current. The larger the value of R k , the larger will be the allow¬ 
able positive swing. When cutoff occurs, no potential difference appears 

across R k . Consequently, the applied signal required to reach cutoff is 
independent of R k . 

E xam pIe . Consider a 6J5 tube with E bb = 300 volts and R k = 10,000 ohms. 

find the maximum positive and negative input swings for positive grid-cathode 
potential and cutoff, respectively. 

chara cteristics of the 6J5 (see Appendix B-9) and the 
specified E bb and R k , the following data are found: 

For E c = 0: I b = 15.7 ma 

For E c = -18: I b = 0 


18 volts 


This shows that the cathode follower may swing from +157 volts to ■ 
without drawing grid current or driving the tube beyond cutoff. 

Clearly, the operation of the cathode-follower circuit of Fig. 5-29 is 
unsymmetncal. For small potential excursions, this causes no difficulty. 


+ 





E/ 



Fig. 5-32. Two ways of achieving more symmetrical operation of a cathode follower. 

AJso, if only positive signals are to be used, no difficulty exists. How- 
ever if large negative signals are to be applied, it is necessary to estab- 
hsh the grid at a large positive potential with respect to the bottom end 
of Rk (ordinarily ground), although the actual tube bias E c will still be 

negative. This bias may be achieved in several ways, as illustrated in 
7, lg 'j , , 01 sym ™ etncal operation, the bias will be established to set 

th ® < h° ® V , 6 across Rk at about half of the peak-peak potential swing. 

e 6 ollower. A circuit which possesses roughly the 

same gain and impedance properties as the cathode follower, but which 
also provides phase reversal between the output and input potentials, is 
often called an anode follower. This is perhaps an unfortunate choice of 
name, since, unlike the cathode follower in which the cathode-potential 

variations follow the grid-potential variations rather closely, i.e., these 
potential variations are in the same phase, the anode of the anode fol¬ 
lower falls when the grid potential rises. Clearly, no “following" 


4 
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Plate potentia^^ut tkh'the^reverse Changes in the K rid and 

the seesaw circuit. Whatever the mo f ‘ a>e ’ the ‘' ircuit has been called 
cuit is of value and importing Ch ° ice of the cur¬ 
ls gi '] n ij Fig. 5-33. Actually, tins 

“““ hemg examined 




+ 


v> >E 


!“• 5 ‘ 33 ; " g ° nera ' ^ amplifier Jf ta e qu iva,ent circuit. 


,./> v i uiyai ^u circuit. 

•nee 2,. through the imped- 

ErEr of the ««* 


E„ = 


E iYi + E 2 Y 


/ 


Y i + Y, + Y 


When applied between K and P th^ iw 1 , 

, he network theorem yields 


(5-08; 


E - - f^TT - 

r + + Y l Yf + Y„ + Y„ 

By combining these expressions, there results 

E 2 = y -i^_ E i Y i _+E 2 Y / 

/ + Y a + y, yt+ytet; 

By solving for the gain, the result is 


( 5 - 69 ) 


( 5 - 70 ) 


K, = 


Yi(Y 


El (Y/ + yTy 

which may be written in the form 7 f 


9m) 


K, = 




(5-71) 


To Kt • X A ill- I„ + gm) 

back circuit, the pf^dure f"l^“! P S u^“ Pe > | ? Ce ,° f this ^aeral feed- 
^ Pre.„t case the equivaient *!“ 
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Z £ 


P 




\ J P 


Rl 


+ 


Eq 


5&SL2: assess. ,or ,h « i-p-i— 


that shown in Fig. 5-34. The output admittance is given by 


Y„ = 


E„ 


Ip + I g 

Eo 


(5-72) 


This may be written in the form 


Ytr = 


which is 


1 E 0 + /iE 


+ E,(Y, + Y 


■>] 


Y,/ ~ E^ ((Yl + Y » + ffJK + Y P E 0 ] 

But from the diagram 

E„ = -_ Xl 


(5-73) 


Yi + Y, + Y 0 • c '° 1 

Hence the expression for the effective internal admittance becomes 


(5-74) 


Y v = Y p + Y, + g~ 

^ adily “• 
Y„ = Ji = ~ E» „ E„\ 


(5-75) 
It fol- 


But by Eqs. (5-68) and (5-71) 


ii = EA 

El z i £ i 1 V EJ 


(5-76) 


Then 


E» = 5A4&Y' _ * Yj + K/Y/ 

Yl + y» + Y/ -e»yT + - y +y 


(5-77) , 


= Y >(l~ 


which may be written in the form 


Yi + K/Y, \ 

Yi + Y 0 + Y ,) 
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conventional amplifier with the nht opcrati, ‘g conditions, and a 

r»«-«r&* - r ,te 

r P = 7,700 ohms, R. or R k = 10 , 0 00 ohms Id i *- \*’ h M = 2 °’ 
cases. ’ ’ ana h o - 1 megohm in all 


f*i 



' TABLE 5-2 / 

■ ABIS ?i’.«S T'^ATURES OF GJ5 TUBE fX 




Circuit 


VARIOUS CIRC UIT COXFIGURATIOXS 


Gain 


1. Cathode follower 

2. Anode follower (Z t =z / =nz 
megohm) 

3. Conventional amplifier : 

4. Conventional amplifier (low-gain) 


0.918 

0.818 

11.3 

0.918 


I <A. 

i s <> 

! z I 

t'lfy 


! niegohms 

ohms ' 

I 

3.7 

i 

1 

366 

! 9.6 ' 

0.538 

853 

i 45.2 

1 

7,700 i 

9.9 

1 1 

i 

t, 1 00 


ohms 


365 


'85 


358 


follower, thaMheVun of‘3?^otghTy f ° Ii0 "' Cr "' hh the ail( *le 

equal to unity; the cathode-follower eftWr ■ ^ . Same ,\ and approximately 
put-terminal impedances are anm- •• t ') C mternal impedance and out- 

follower; the input impedance of thHathYTM^ th ° Se ° f thc anode 
twice that of the anode follower. ^ f ° °"' er ,s approximately 

By comparing the cathode follower with ,t 
cathode circuit, the results bear out the st Conventlonal grounded 

namely, that the gain is reduced; the effec ve inn'f ^ 5 * 9 ’ 

the output-terminal impedance is less. capacitance is less; 

A comparison of the cathode follower with th„ 
cathode circuit, but with the plate resistance ,4 COnvenf . lona I grounded- 
the cathode-follower gain, gix- es a somewhat 1 'tT” f ° yield nu merieallv 
these two circuits. The input between 

than twice the former. However this V al„ atter circuit is more 

s*ve. Also, thc output-terminal impedance 6 ,° Capacitance is not exces- 
c ases, although the effective mternal im, 17 ” ear,y th<? sani<: in both 
is low, while that of the conventional an ° f the c ' athodo follower 

n. nmy , hen be c,reuit “ h “ k 

to be gamed from using the cathode fnR C ** a,,y rea l advantage 

amplifier with such a low ^ tha » a conventional 

made approximately equal to unity Th ’7 V* ga "‘ ' S int entionally 

follower ,„d the ,„Qd. MIlI."T re «' ofth, e.thode 

^-^er over the conventional grounded-of 
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amplifier with adjusted gain lies principally in the advantages attendant 
to feedback amplifiers, as discussed in Sec. 5-2. 

The cathode follower is extensively used. It is usually employed when 
a high input impedance or low output impedance or both are required. 
For example, it is used as the input stage to almost all gotod-quality 
cathode-ray oscilloscopes. It is used when it is required to transmit a 
signal over a relatively long distance. The low output-terminal imped¬ 
ance of the cathode follower tends to minimize the capacitive loading of 
the long wires or shielded cable, i.e., a low RC time constant results, and 
transient signals are not seriously distorted. Moreover, with the proper 
choice of tube, an output-terminal impedance which provides a good 
impedance match with the characteristic impedance of a coaxial cable is 
possible. 

It is worth noting that for the case of large amplitude signals with an 
appreciable load capacitance neither the cathode follower nor the anode 
follower provides the same positive and negative response characteristics. 

The cathode follower provides a 


R f I 


Ri 


Fig. 5-35. The anode follower drawn in a 
manner to emphasize the summing-circuit 
character of the amplifier. 


faster positive- than a negative- 
output change, whereas the anode 
follower provides a faster nega¬ 
tive- than a positive-output 

2 change. The reasons for this ac¬ 
tion are to be found in the fact that 
the circuits cannot be treated ac¬ 
curately as linear circuits for large 
signal amplitudes. The replace- d 

YY1 O 4" f 4- 1 /\ Tv Tv x r n OAT 1 ! DQ- 


ment of the single tube by a series- 

connected push-pull pair overcomes this effect. Such a circuit is given 6 
in Fig. 5-37. 


n in eresting physical explanation of the operation of the anode fol- 
ower is P° SS1 e, 6 and this discussion is examined analytically in some 
e ai in ec. in connection with summing circuits and in Sec. 8-3 as 
an approximate analysis of the general operational feedback amplifier. 

i, g , an e tube circuit are considered as elements of a summing 
network and the circuit of the anode follower is drawn in Fig. 5-35 to v 

S r f SS i.- i S summin &~ net,w ork character, then R 0 acts as a comparator, the 
po en la across it eing the difference between the input and the output 
potentials. The action of the amplifier is to tend to make the difference 
zero, lgher amplifier gain being accompanied by a smaller difference, or 
closer equality. In the extreme case when R x = R fl and with very high 
amplifier gain, the difference between the input and output potentials is 
zero, the resultant system gain being unity. The increased gain may be 
included in the outnut st,aer. (hv nsino- _ 


4 1 
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ment is effected in this circuit. S ' ^ Conblderab,e improve- 

Another fact to be noted from 
Eqs. (5-75) and (5-78) is that an 
increase in Y f (a reduction in Z f ) 
results in an increase in the effec¬ 
tive input impedance, and a 
decrease of the effective output- 
terminal impedance. The sub¬ 
stitution of a tube impedance for 
the shunt resistance R f of the feed¬ 
back path improves these characteristics \ * c 

in Fig. 5-37 and also in Prob. 5-34 ° f th “ tyP ° is 



y^ ---■---- y 

G ■ 5 ^ G ; An “node-follower circuit with 
an amplifier comparator 



5-12. The Cathode-follower Amplifier. Owing to the i t • 
impedance and low output-terminal impedance of the A J lnput 
it is anticipated that the use of such a device as the c 1°^ f ° llmver - 
between stages will provide an amplifier with a broad fl '" g am < )lifier 

range. This matter is examined analytically. ' 'equency-rcsponse 



FlG - 5 ' 38 - An RC C0,, P lc(l rat 1,ode-follower sta ge. 

When used as a coupling amolifior * 

circuit becomes essentially that illustrated 

c 0 is the sum of the effective nntmit 88 ' thhs cil *cuit, 
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The gain of this amplifier will be examined for the various frequency 

ranges. These follow directly from Eq. (5-54) with the proper interpre¬ 
tation of Z k . 

Mid-frequency Gain. The interelectrode capacitances are negligible 
over the mid-frequency band, whence C 0 may be neglected. Also the 

k 


E 



Fig. 5-39. The mid-frequency cathode-follower circuit. 

coupling capacitor C is assumed sufficiently large so that its reactance is 
negligible. The resulting circuit becomes that of Fig. 5-39. The mid¬ 
frequency gain becomes 

u 


Kn = 


where 


r p + (m + 1 )ZJ m + 1 T rJZ' 


(5-79) 


1 

7' 

^k 


± + 1 
R 


(5-80) 


H-F Gain. At the h-f end of the response curve, the coupling capaci¬ 
tor may be omitted, although the effect of C 0 becomes important. The 



C 9 


X 

I 


+ 
E 2 


Fig. 5 40. The h-f circuit of the cathode-follower amplifier. 


equivalent circuit h as the form shown in Fig. 5-40. The gain equation 
[Eq. (5-54)] now becomes 


K, = 


where 


M+l-f rJZ 


ft 

P / "fc 


Z" “ + 


* R k 

The gain ratio K 2 /K 0 becomes 

K„ 


J. 

R 


+ juC t 


(5-81) 


(5-82) 


K 0 


1 + 


jo>C a r. 
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K, 

Kn 


where 


1 + ^+1UJU) 


(5-83) 


r ; = 


M -f 1 -f r p /Z' k 


i 2 = _ 

‘ 2ttt'(\ 


p a 


(5-84) 


not * d that this ^sion has substantially the same form 
Because o, „ ,s ^ 



+ 

e 2 


Fig. 5-41. The 1-f circuit of the cathode-follower amplifier. 


cathode follower is followed by a stage having „ i,;„u ■ 

This means that a rather wide frequency response is nos^hl Cap f ltance - 
conditions even with a following triode'stage. ' P b e UIlder these 
L-F Gain. At the low freouencie^ r i 

Of the coupling capacitor becomes’very importSt^Ec th ® effect 
appropriately modified becomes oportant. Equation (5-54) 


K, = 


> r + T ^/2l" RV+Vm: 


(5-85) 


This expression may be written in the form 


K, = 


M+l +g- 


^»(f + jwCR a ) 


juCR a 

i TJ^cr, 


where use has been made of the fact that 


( 5 - 86 ) 
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The gain ratio becomes 


K, 


1 


K„ 


joiCR 


M + 1 + £ - 


Z'k R^l+juCR.) 


1 + jcot'Ii 



+ 1 + 



which reduces to the form 


K, 

K 0 


1 


1 


where 


Ri = 


1 - j(UaC R,) 

R. 


i - i(fi//) 


i - 


r P /R„ 


fi = 


2ttCR, 


(5-88) 


M + 1 + r p /Z' k 

This expression has substantially the same form as Eq. (4-11) for the 1-f 
gam of the /fC-coupled amplifier, and under typical operating conditions 

the value of /, is much the same for the cathode follower as for the RC 
amplifier. 
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PROBLEMS 


6 1. An amplifier has a gain 3,000/0. When negative feedback is applied, the 
gam is reduced to 2,000/0. Determine the feedback network. 

^ ^ , n am phfier without feedback gives an output of 46 volts with 8 per cent 
second-harmonic distortion when the input is 0.16 volt. 

» a \ • ,P eT C ^ n ° ie ou ^P u ^ is fed back into the input in a degenerative circuit, 
what is the output potential? 

6. If an output of 46 volts with 1 per cent second-harmonic distortion is per¬ 
missible, what is the input potential? 

6 3. Given the amplifier stage with cathode degeneration shown in the accom- 

nVinor Hiorrr n m 


l 
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— ^ ^ ^ 

Ebb - ? 5 ° VOlts , Rl = 100 kilohms 

Qm — 1 , 200 /imhos fj = 7 () 

R 0 = l megohm 

^ hat should be the v*i1hp nf f? t 

b. What is the value of E cc , and tlmV* ^..T OV 5 r ’ al1 gain of 8? 
distortion? rc ’ ^ e>t ' a ue e o to yield an output without 

«££»»' > p ! ,n'S„?«“u“ '‘ 'S'pw' ';T my °', ”»* «"■■>»«« shown in 

fixed bias is used P °‘ ° n tl,c Same s,leet the gain of the stage when 


40 kn 


2kn 


9m -2000/jmhos\ + 
r p -1 Ok a 


!0 M f 


5-6 The first stage of the circuit of Fig. 5-9 uses a 6S.J7 pentode with 

Et = 250 V0ltS E “' “ - 3 volts E cc2 = 100 volts / = , 

The second stage is a (3C5, with E b = 250 volts F — q u r ' 

other factors are 01 ts * ~ volts, I b = 8 ma . The 

— 100 kilohms /?„, = /? „ _ 9 ^ umi ^ 

C = 0.04 /if C fcl = 10 /if C k2 = 2.5 /if c? = 0 1 = ^ kilohms 

= 150 kilohms /?1 _ 200 ohms 

a. Specify the values of /?*„ E u . 

b. Draw the complete mid-frequency equivalent circuit 

. The total shunting capacitance across It a2 j s SO uuf ’ r 1 , A 

gain-frequency-response curve over the range from 20T *-n aaa U ate and pIot a 

d. Repeat (c) if /?, = 0 , 7 ? 2 = 150 kilohms. ’°°° Cps * 

6-6. Given the two-stage circuit which i« 11 

feedback, the tubes having r p = 10 6 ohms a — 1 900 negative-potential 

’ ym — i,zuu /iinhos. 


ZOkn 


/•*/ 


IMn 


JOkn 


\30n 


A 
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a. Calculate the output impedance, 
o. Calculate the impedance between points A A 

cap^tor , So™& Pen ^ v !^S er Stage f il ! Ustrated - th e screen by-pass 
Assume that I„ ITdependenof E Z?T? ^ tb \ gain ° f the am P lifier stage, 
relative to plate and toscrtncurrt ts ° f the SCreen grid is the same 



are^nSS £*«£££ ^ ^ 


Assume that the tubes 




6-10. An RC coupled amplifier W « -j r 
tial feedback is applied, the amount off .^'frequency gain K 0 = -27. Poten- 
half-power frequency to one tenth it feedba -ck being such as to reduce the lower 
a. Find the feedback fraction ^ Redback value. 

6-11. Given a three-sTage^C 1 coupled 0 ““rfi feedback conditions. 

1-f cutoff of 20 cps, an h-f cutoff of 84 u arn P llfi er, each stage of which has an 
the locus of the complex poSaf gaim’ " * ^^^queney gain of 220. Plot 

illustrated 116 IfTner ZZZZ P 0 ^* 1 am P b fication of a certain amplifier is 
ustrated. If 1 per cent negative feedback is applied, determine the value of 

G. R. Mezger, Electronics, 17, 126 (April, 1944 ). 
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Z:f r ( k r, 40 kc - A ~*•» * - 

output potential. ‘ the potentlal fed back is in phase with the 

inverse feedback being provided^etweTn th 6 " **i connected in cascade, 

the accompanying d.agram. The per s^age SETA'S Fi^Ea 



E 


Ri 

C. 

Tube: r„ 


20 kilohms 
20 yu/uf 

1 megohm 


c = 0.01 M f 

= 1 megohm 
Qnx = 1,000 //mhos 


a. Determine the maximum value of R fr»r , i • l n 

without oscillation. R for whlch the amplifier will operate 

b. Calculate the mid-band gain under the*e ™ At- 

4 ' C ° nSider ^ ampHfier illustrated ilt'Z accompanying figure 





Calculate the following (neglect the effect* ■ * i 

b Fff U !' impedance Z,/. Compare this witlTth^vT 0 ^ capacitances ) : 

6 * Effective internal impedance Z„. the VaIue R - 

6-15TK t " t ? rminaI im P e dance Z 0/ . 

to the cathode"rather ^'^0^^^ ^ C ° nnectin S ‘he grid resistor 

ground, as shown. Repeat Prob. 5-14 for the 
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6-16. a. Refer to the cascode circuit illustrated, 
following: gain K, output-terminal impedance Z 0/ . 


Find expressions for the 




Tl and°Hs'c-ithocI p T*" M ^ ^ corres P°nding results when tub, 

5 - 17 . Calculate the effective input impedance at 10 kc of the circuit ir 
the accompanying figure. Each tube has the value a = 2 nnn 
r „ = 10 kilohms. Neglect all tube and wiring capacitances 2 ’°° 0 h 




K 


coupled ”mnUfier n sh^ reSSi0 T" ^ th ? effeCtive in P ut im P^ance of the cathode 
up amplifier shown. Under what conditions is this impedance negative? 





f 


6-19. What must be the value of R k in Fig. 5-26 if Z of 
A 6J5 tube is used. 


= 300 ohms at 1,000 cps 
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6 - 20 . Given the cathode-follower o\ron\* xx-itu fi • 1 
grid to cathode, as shown in the accompany 



+ 

E 


Neglea ^tube ‘"CcitZces "'show That ‘z impedance Z °'- 

F-d an expression t K/ ,n the f °™ 

internal impedance^ the'tuTTathode-Sower staged XlTmteT' effe ° tiVe 



vp/ 


+ r 

4 


+ 

e 2 

E/ 

• 



output impedance, aTdTnp^tTm^ pa P er the gain, 

Fig. 5-38 at the following values oft- 250 2 5nn TiTnno 0 !, 0 "' 61 ' amplifi er of 
rad/sec. Choose a 6J5 tube for w iLh 250; 2,500; 250 ’ 000; 25 x >° 5 ; 5 x io‘ 


M 20 C„ - 3.4 nnl c,t = 3.4 MM f 


C P k ~ 3.6 fifji 


J --O T U1 w 

rad/sec. Choose a 6J5 tube for which 

r v = 7,700 ohms 
Also choose 

Rh = 10 kil ° hmS *' = 200 “ohms C = 0.01 M { C = 40 f 

5- 23. Consider the circuit shown in the accomnanvi v ’ ° ^ 

a. The positive signal that will drive e to zero P ' ing c lagram - Determine: 

6 - nCg ;f Ve signal t0 drive ^e tube to cutoff 

c. The mid-frequency gain. 

d. The input admittance when C’ =34 „„ f r , , 

OP o.*± MMJ, L ok = 4 ntf 



A = 20 
& - 7700si 



IOO A si 


■ tt !?, tube R anged to a 6AC7 pentode. Th 
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5- 26 - Plot the dynamic characteristic of a 6J5 tube in a simple cathode- 

follower circuit, with Eu, = 250 volts, for the following values of cathode resist 
ance R k . 5,000 ohms; 25,000 ohms; 100,000 ohms. 

T , 5 ; 2 f L A Vide ° am P lifier is coupled to a cathode follower, as shown in the figure 
e frequency-response curve of this amplifier is also sketched. Choose the 
transconductance g„ = 9,000 pmhos. me 




stages Ca ‘ CUlate the aPPr ° Xlmate value coupling capacitor between the tw. 

Si 2 ? xt etStfa'is o°f Xim H ate , T* 1 " 6 ° f the total shu "t capacitance. 

essentials of a double cathode follower* are illustrated. 
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O. Show that the expression for the gain is 
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K, = 


M 2 + nr p /R, 


c^ 2 -f m +1) + j^~+~2yjR l 

0 . Show that the output admittance is 

1 -f j~_j) 

Y„, = + 1 + r JR, . 

r v + Ri r = ng 

• T> 


fll 


Silts; thifa'mpE" 1 


Calculate 



Find an expreLb^for^he t gMn InP sL 1 w C6 - S g ' Ven b >' z u = R /(\ - K 1 

oneSfTT f at 1 ~ K = Vm. This marKh^ 68 “u the US ’ Jal ch °i« 
a f that when a resistor is used ( see Pr 0 b wn?" to be approximately 

6 U 30 A which ■' 2JSKI a_ dm ittance. Show that this 

^ follower S2S *£* cuit 

r being more aasa: 
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a. Show that the effective input impedance is given by Z xf = R g /( 1 — K). 

Find an expression for the gain. Show for identical tubes and the usual choice 
of circuit parameters that 1 — K == l/g ml R k . 

b. Find an expression for the output admittance. Show that this is approxi¬ 
mately Y 2 / Qm\) the value of the simple cathode follower. 

5-31. The two circuits of Probs. 5-29 and 5-30 may be combined to provide 

a circuit of very high input impedance. * Compute the effective input impedance 
of the circuit shown. 
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one-half tLTo^he 177 7 ^ 

»»• .*• or the «JSJS5,*y& tz T b 

o-34 Consider the direct-coupled anode fnllnu-or ’ ,,, ~ H ° In * ,g ‘ 0 ' 38 - 

case "’here H and 7*2 are identical tubes illustrated.« For the 

a Find an expression for the over-all gain of the circuit 
• d an expression for the output-terminal impedance Z 0/ . 


Tl 


T2 


T3 


ChoOSC /?; i — /?., = /?. _ in i_;i i 

find the numerical value of Z 0/ . * ° = ^ = 20 - r »i = ^3 = 7.700 ohms; 

i4; 3 dtnc C e a i^ 




-STl 


^2.rp2 


5-36. Evaluate the effective input- onH 

of the circuit of Fig. 5-37. ‘ tlve out Put-terminal impedances 

5-37. As a simple example of a multiple In™ t ,, , 

Uvo-stage amplifier with potential feedback over t f ystem ’ consider a 

K, and K 2 , respectively, and the feedback fraction ;.a the stage Sains are 

a. Deduce an expression for the total effective gain ? ’ 

b Discuss the question of stability over the nnfc a , 
ba "d. y the Pass band and outside of the pass 

Suppose now that current feedback i* j , 
resistor R k . 13 a PP>'ed to stage 1 by means of a cathode 

c. Repeat (a) and (6) under the present nimm * 

' DlS ° USS tHe r6latiVe P ° SsiblJit >- of instability in ^Two cases 


CHAPTER 6 

RECTIFIERS 


Any electrical device which ho= l.- , 

directSn^rald^T-esistance to n.rrnn.^ f ^ 6 to currenbdn one 
the ability to convert an a-c ciir.v>nt^7+ ' opposite dir-eetion.possesses 
CQmehQnadditio n to whict contains a d-c 

one^ttdth^zero resistance in the fm* a j- rectifier would be 

1 ®^S^ejn^tEeT i evefse~Ttrrec^Cibiri~~A r ^ ^nAj^^^AhHmte 

line arch a^ctoStlbiT a m ongw h i e h are hiVh 61 ° f devices P°siisTnon- 

si thermionic di ° d -^ 

groups, 'depending on tee'" inherentThamcT 086 ;- ^ ^ tW ° general 
rectifier possesses an infinite resistance 1Tu ^ The vacuum tube 
will not conduct when the plate is ne 6 T ^ mverse c yde, as the tube 
On the forward, or conducting“ ^ 7^ reSpect to *» cathode, 
characterized by an almost^^dMw^ ^ vacuum diode is 
or vapor rectifiers also possessan lJ °' V ^ ° f res -tance. The gas 
but as discussed in Sec 1-31 Z u ^ ° n the inverse cycle, 

constant tube drop during conduction 6 ° arac terized by a substantially 

resulting operation in a circuit is slivhtl jff VmS to tilese differences, the 
is included below. Ult 15 Shght ^ dlffer ™t. A detailed discussion 

6-1. Single-phase Half 

for half-wave rectification is show^fin fL ^l^ 6 t+‘ • The basic circuit 

load is a pure resistance. Also if g * ** ^ ls assumed that the 

is ideal, with negligible resistance ^ power transformer 

An application of KirchhofF^ow reactanc e. 

potential law to the load circuit yields 


e ~e b + i h R l 

.where e is the instantaneous value of ,• 

instantaneous potential across the dinwl u applled Potential, e„ is the 
4, and R t is the load resistance Th' " en the instantaneous current is 
the determination of the two nnt™ 1S ° ne equatlon is not sufficient for 
in the expression. Here as for tr.od P * aad * that appear 

^ el - ation is contai ned in t'h P multlel ectrode tubes, a second 
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characteristic 0lUti ° n * ***** ^ dl ' a "' ing the load linc on plate 

a rIJrff 18 °TfT gn, i K ’ ant diftCren, '° bet " een the solution of the diode as 
ctifier and that for the other tubes as amplifiers. With the rectifier 

an a-c source supplies the power to the circuit. A vacuum tube as an 
current" COnVCrtS ^ C ' Urrent from tbc P'^e supply into alternating 

1 he dynamic characteristic of the rectifier circuit is obtained in a some 
What dlfferent manner from the correspond,,!, curve for Z amp,^ 




I 

Input 


a-c 


o 

o 

o 

o 


r 





Fig. 6-1. A simple half-wave rectifier circuit. 


Static //ne 



Dynamic curve 


iJ' tan 'jR. 


^ -** 

Fig. 6-2. The stat.c and dynamic characteristics of a rectifier. 

The procedure is illustrated in Fig. 6-2 For an a 

current is the intersection of the load line with tb^t^ P< * entlal e > the 
point A. That is, to, the 1f‘' c ^•ycfristic, 

potential e results in a current z 4 . This is onp n •’ + PPhcation of the 
and is drawn vertically above® in the diagram'"Th ? dynamic curve 
hne does not vary, although the intersection with tb^ § ^ ° f th<? l0ad 

Thus, when the applied potential has the value V th * ““ with * 

rent is i A ’. The resulting curve so generated stho’d C ° rreS P ondin g 
If the static characteristic of the tube were 1 Je T,° characteristic ' 

there is considerably less eu^atuye iX 5' C ° nStruction ’ ho '^er, that 
the static characteristic It will hp ^^ amic curve than there is in 
dynamic cu,v e ic li™„ be “ nmed ’ h *‘ that the 
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cedure followed is that illustrated in Fig. 6-3. This procedure is very 
much like that used to find the waveshape in a general amplifier circuit j 
in fact, the situation here is quite like that of a class B amplifier, except 
that cutoff of the tube exists at zero input. 



characteristic mCth ° d ° f ° btainmg the out Put-current waveform from the dynamic 


If it is assumed that the relation 


, = V, (6-2) 

is valid during conduction, and this supposes that the static characteristic 
is linear, then from Eq. (6-1) it follows that 


e - c b + tbRi = ib(r p + R t ) = E m sin cot 


or 


(6-3) 


ib = 


E m 


Ei -f r p 
ib = 0 


sin cot = I m sin cot when 0 ^ wt ^ tt 


where 


when tt ^ ut g 2 tt (6-4) 


/* = 


E 


m 


Ri -f* t p 

The d-c power supplied to the load is defined as the product of the read- 

ing of a d-c ammeter in the load circuit and a d-c voltmeter across the 
load. Thus 

Rd-c Ed-c^d-c ( 6 - 5 ) 

Clearly, the reading of the d-c ammeter is represented by 

r _ 1. 1 /V - 

d c Jo lb da = 2 tt Jo 

and so 

™- G)‘ ESb* 

The power supplied to the circuit from the a-c source, and this is the 

4 L » i _ 111 11 Ml I ■ . a _ — 


I m sin a da = ~ (6-6) 

0 7T V 
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and with the potential coil across the 


Pi = 


1 

2tt 


0 


source, is given by the integral 

2x 

c,\ cl a (6-8 ; 


This becomes, by Eqs. (6-2) and (6-3), 


Pi 2jt /„ ’^ rp + da 


(6-9) 


which may be written in the form 


~ (tm ,( r p + f?() 


where the rms current has the value 


( 6 - 10 ) 


^rmi 



27T Jo 


2t 


da = 


\ 


IT 


I 9 


** Jq 


I 2 m sin 2 a da = 





The efficiency of rectification is defined by the relation 


_ Pd-c 


which becomes 


PT x 10 °* - /■ x ioo% 

ioo_ 

\d tint/ 1 + r v /Ri 

By combining this with Eqs. (6-6) and (6-11), there results 


( 6 - 12 ) 


, = ( I™/* 
r \U/2 



40.6 

1 -f r p /R t 


% 


(6-13) 


m * w 

This indicates that the theoretical maximum efficiencv of tPo • i , 

half-wave rectifier is 40.6 per cent. But it may £how n 1m ^ 

power output occurs when It, = r „ with a'cnrro, . h * ™ aximum 
plate-circuit efficiency of 20.3 per cent spending theoretical 

There are several features of such a rectifier circuit tKot 
attention. Refer to Fig. 6-1, which shows th„ 1 h * warrant special 

of the rectifier. On the inverse cycle i e on th^ 01 ^!^^ T"" 8 diagram 
which the tube is not conducting ’tL^ the cy cIe during 
rectifier tube is equal to the transformer ™ P ° tentlal across the 

pe.t inverse potential across th"t ^ ZT.ZT "" 

mum value. LtJuai to the transformer maxi- 

PufctntLdT™;^ (o' ' Vi ', h ““ "’*>«'’* of the out- 

primary and the secondary ivi“diui“lT“fi| P ° t '"!'h T'“ lhe 

Quires ,h„ ,h e !r 
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is grounded, then the transformer need not have a high insulation 
strength. 

6-2. Ripple Factor. Although it is the object of a rectifier to convert 
a-c into d-c current, the simple circuit considered does not achieve this. 
Nor, in fact, do any of the more complicated rectifier circuits, either . 
single-phase or polyphase, accomplish this exactly. What is achieved is 
a unidirectional cu rrent, periodi cally fluc tuating epx n ponents still remain¬ 
ing in the output?^ Fjltersare ordinarily used in rectifier systems in order 
to help decrease these fluc tuating com ponents, ai\d thqse will receive 
detailed consi deration in CKapTT! A measure -of th*.-fluctuating com- 
ponents is giveiTby~the~ ripp le factorj^vhich is defined as- 

. . _ rms value of a-c components of wave 

** avg or d-c value of wave 


and whicfi^nay Te written as 

0 S • 9 . • 




E' 


rms 


E 


d-c 


> 


(6-14) 


where I' Tma and E' Tm9 denote the rms values of the a-c components only. 

An analytical expression for the ripple factor is readily possible. It is 
noted that the instantaneous a-c component of the current is given by 

•/ • T 

l —l /d-c 

. But by definition 


/' = 


rrns 



1 


*2 


2tt 


0 


(i — /d-c ) 2 da 


= Vi / 0 


2 7T 


IP ~ 2ih.. + 1}..) da 


i 


This expression is readily interpreted. The first term of the integrand 

when evaluated yields the square of the rms value of the total wave / r 2 mt - 
The second term yields,^*' 

1 P x 

2 ^ I 2i/d. c da = 2/2 


d-c 


The rms ripple current then becomes 


7 I™ = - 2 /*.. + r L = v7i. - 


By combining these results with Eq. (6-13) 


ViL, - i 


r = 


d. 


/a- 


d-c 


■ - v(fey - 


(6-15) 


_ _ • 

This expression is independent of the current waveshape and applies in 
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shape. In the case of the half-wave single-phase rectifier the ratio 


rmi 


and hence 


I 


d-c 


I /o _ 

1 mf & IT _ > 

1~7Z = o ~ 1*57 

+ m, 7T A 


= vTi57 2 _ i = L2 , 


rp.. , „ , (6-16) 

This shows that the rms value of the ripple potential exceeds the ,1 e 
po ential of the output. This merely tends to show that a single-phase 


d-c input 



Fio. 6-4. Schematic wiring diagram of a .single-phase full-wave rectifier. 

6-3. Single-phase Full-wave Rectifier. The circuit of th» • , 

phase full-wave rectifier is given in Fig. 6-4 Actually the -f lng ®‘ 
pnses two half-wave circuits which are so connected that cond^t 7T' 
place through one tube during one half of the total power cycle and th 7 

Current through the load has the * 1 output 

form illustrated in Fig. 6-5, where the 

portions of the wave marked 1 flow 

through tube Ti and the portions of 

the wave marked 2 flow through tube 
T 2. 

The-d-c and rms values of the load 
current are found from Ecjs. (6-6) and 
(6-11) to be 


/a, = 


2/m 


^rma 


7T 

/ 


m 


(6-17) 





V2 


T? - 

' G a 6 ' 5 * T1 ? e transformer potential 

nwT?, Ut l0ad CUrrent in a single- 
pnase full-wave rectifier. 


i r . iuu-wave rectifier. 

where /„ is the peak value of the current wave The H . 

is then ve ' d-c output power 
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By comparing this expression with Eq. (6-7) it is seen that the power 
delivered to the load is higher by a factor of 4 in the full-wave case. 
However, the power depends on the circuit parameters in the same way 
as for the half-wave circuit. 

The input power from the a-c source is readily found to have the same, 
form as Eq. (6-10), viz., 

p i = IL,(r p + Ri) (6-19) 

The efficiency of rectification is 



81.2 

1 + r p /R t 



( 6 - 20 ) 


This expressions shows a theoretical maximum that is twice that of the 
half-wave rectifier. 

The ripple factor is readily found when it is noted that 


From Eq. (6-15), 


I rmn _ I m/ \/2 111 

/d-c 2 / m / 7 T 

= Vl.ll 2 - 1 = 0.482 


( 6 - 21 ) - 
half-^vayej^ctilieFTo 

^4 82 in the present case. What has been a^con^ishedTrTthefull-wave 
rectifier, therefore, is thai_the rectificati on proces s has become more 
efficie nt, with a higher percent ag e , of _the^powe r supplk d~tolhe^touit 
being^ onverted into the desired d -c Rower, and with a conse quent, sm aller 
fractimi^remaining in a-c form, wh ich, whi le, producing heating of the 
load, does~TTOtrcoiUrib u t e tb'fhe'deslred d-c power. " 

P ---: - C ~ 



____ — tube is ^c onducting, say 

* n tt le nonconducting sta te. Excep t for the tube d rop 
potential across T2 is 2 E m , or twice the trans- 



—i 


the mid-point, or the f ulPtr ajis- 
J. ne potentiaPstress between wi ndings of th e_filamo p ^ 

-tojeThe full d -c potent ial, if the negative is ^rounded, 

and is„sensiblx_zero, ifTh^positiyejs grounded. 

6-4. Circuits with Gas Diodes. C^sjhod 
wave, and full -wave circu its dis cussed above. Owing To their different 
plate characteristics, the res ults ar e gflmgidi &t d i fPr^n t 
a sensibly constant potential appp prs \ yi ^ w h on t^p t.nha 

conducting, but conduction does not begin until the appliod potential— 
exceeds the breakdown potential of the tube. The tube will, 
conduct for less than 180 deg in each cycle. The situation iai 
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" = hRl = Em sin “ - E ° (6-22) 


• l ±j m OlIJ U - Q 

and the corresponding expression for the current is 

. __ E m sin a — R 0 

b R, : 

" The fl°“ Tt COnStant tUbe dr ° P duri "g conduction. 

inJ nnt Pkte CUrrent is found by taking the average 
instantaneous current and is ® 


(6-23) 


value of the 


/d-c = 7 


1 


2tt 


ai 


a ‘ E„ sin a - E 0 

~~ - da (6-24) 


R, 


where a, is the angle at which the tube fires 
and <*2 is the angle at which conduction 
ceases. Ordinarily the applied plate poten¬ 
tial is much larger than E 0 , and the angles 
a, and T - a 2 are very nearly zero. Conse¬ 
quently the limits on the integral of Eq 
(6-24) may be changed to 0 and *- without 
appreciable error in the result. When 

this is done and the integral is evaluated, it is found that 



T __ Em 

d ' c irRi 


Eo E 


v m 


2 Ri 7 tRi 

The load potential E d . c may be written 


1 ~ -Ji° 

2 E m 


(6-25) 


as 


E d . c = (i _ Kiio\ 

*■ V 2 E m ) 


(6-26) 

This equation does not contain the load current Tn- 
that E d . c is independent of the load current u- tn meanS ’ ° f C0Urse ’ 

regulation. ’ uWl consequent perfect 

To calculate the efficiency of rectification ;* • 
the input power to the plate circuit. This is ' ^ necessary to calculate 


j eti da = ~ f 
Jo 2w Jo 


where the limits are again taken as Oandr 

U and Thls expression reduces to 



4 E 
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Vr = 


Pd-c 

Pi 


4 

7T 2 


1 


_ W 
2 Ej 


1 - - 


4 Eq 
7r E 


(6-28) 


m 


which may be reduced to the form 


i, = 40.6 ^1 - 1. 


87 



% 


(6-29) 


Note that this val ue is independent of the load current or load resistance. 
To the same approximation, namely, E m » E 0 , the ripple factor is given 

by • 

£ 

E °' (6-30) 


r = 1.21 1+0.5 


E m 


which is slightly higher than the value with the vacuum diode. This 
increased ripple results because the tube conduction is less than 180 deg. 

The corresponding properties of the full-wave circuit with, gas tubes 
will follow a completely parallel development and yield results that bear 
the same relation to the vacuum-tube case that the foregoing results 
do to the corresponding half-wave vacuum-rectifier case. 

6-5. Miscellaneous Single-phase Rectifier Circuits. A variety of 
other rectifier circuits exist which find widespread use. Among these are 

bridge rectifier circuits, potential¬ 
doubling circuits and potential- 
multiplying circuits. The bridge 
circuit finds extensive use both as 
a power rectifier and also as the 
rectifying system in rectifier-type 
a-c meters. The rectifiers for 
power use utilize thermionic di¬ 
odes of both the vacuum and gas 
varieties, whereas those forinstru-l 
ment use are usually of the copper oxide or crystal types. 

To examine the operation of the bridge circuit, refer to Fig. 6-7. It is 
observed that two tubes conduct simultaneously during one half of the 
cycle and the other two tubes conduct during the second half of the cycle. 
The conduction paths and directions are such that the resulting current 
through the load is substantially that shown in Fig. 6-5. 

The primary features of the bridge circuit are the following: The cur¬ 
rents drawn in both the primary and secondary of the plate-supply trans- 



Fig. 6-7. Single-phase full-wave bridge 
rectifier circyit. 
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a given output power than is neeessarv f nr 

single-phase full-wave circuit of the t [ the Same pmver with the 
former need not have a center tan Sin T ^ A,S0 ' ,he < — 

potential across it on the inverse’cyde the'l ‘ ‘l * °' ,ly transformer 

high-potential applications. However’ e u ^ SUitable for 

heaters of the tubes must be Drooerh- •’ i trailhfor mers supplying the 
A rectifier meter is etntiZ*IT < the ^ 
copper oxide elements. The potential ’ 8ystem " hif ' h utilizes 

a multiplier resistance to two corners meaSUred is applied through 

of the bridge, a d-c milliammeter 
being used as an indicating instru¬ 
ment across the other two corners 
But as the d-c milliammeter reads 
average values of current, the scale 

of the meter is calibrated to give rms 

values of sinusoidal waves by apply¬ 
ing a sinusoidal potential to the input 
terminals. The indication on such 





Scuft 8 ' A fUll_WaVe P^ential-doubling 


. - KJU C5UCI1 

harmt™ 4 “ ^ C ° ,TeCt f ° r input that contain appreciable 

Put' fTmTch " Sh T * n ^ «■ The out- 

maximum potential. It operates bv alter Tf *? tm . Ce the transformer 
capacitors to the transformer peak potential/ V each of the two 

drained from the capacitors through the lold’"’ Tm being continually 
* ized by poor regulation unless very larsre cam > IS ClrCUlt 1S cha racter- 
inverse potential is twice the transformer^ ™ ^ The peak 

rectifiers are used, two separate filament sources are » ^ a If 0rdlnar - v 
tively low potential system is built and thZ required - « a rela- 
a-c/d-c radio sets, special tubes such as 25Z5 are are .. US ® d exte nsively in 

are provided with separate indirectly h ea te d «tV 7 m ^ tUbeS 

these tubes are well insulated from the heaters The cathodes in 

series internally. maters, which are connected in 

> The regulation of the potential doubler can he • 
at the higher loads, by employing a brido a " nproved > Particularly 

illustrated in Fig. 6-9. The feature 0 f th1 ^ M * 

ig t loads the output potential is approximate ClrCUlt 1S that at 
pea potential. However, the potential n y twice the transformer 
of the bridge circuit ut enf lold mS "‘"’t ““ th ' output 

the bridge circuit, viz., r = 0.482 factor exceed that °f 

are like those in the normal bridge circuit ° f ' this circui t 

.* F °r a d iscussion of transformer ut 7 • ’ “ ° P6ak inver «e 

tooto, fact01 , sec j. Miliman 
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potential to which each tube is subjected, and the heater-cathode insula- 
tion problems. 

An alternative potential-doubling circuit 3 is shown in Fig 6-10 The 
output potential from this circuit, like that from Fig. 6-8,' is approxi¬ 
mately equal to twice the transformer maximum potential. It operates 



Fig. 6-9. A bridge doubler circuit. 

by charging capacitor C, during one half cycle through tube T1 to the 
transformer peak potential E m and during the next half cycle charges C 2 
hrough tube T2 to the potential determined by that across C and the 
transformer in series, the peak being approximately 2 E m . The peak 

mV This e drcn n t T SS ? C V U , be iS tWiCC the transf ormer peak potential. 
This circuit may be extended to a quadrupler by adding two tubes and 

two capacitors, as shown ,n Fig. 6-11. It may be extended to provide 
Ti-fold multiplication, odd or even. 


* 

I 

Input 

I 

* 


O 

O 



Output 



r ;4 

• -- 

i\ ~ 


__J T3 


~~)T2 

\0ufp‘ 


“ C 2 I 

_ 

J+ 


Fig. 6-10. A half-wave potential-doubling 

circuit. *• . . ■ Motcuutu-uuou 

rupling circuit. 

6 6. Controlled Rectifiers. It is sometimes necessary to provide a 
control on the amount of the rectified current in a rectifier. Such con- 
ro e currents are required in motor speed control, in certain electric 
welding operations in lighting-control installations in theaters, in torque 
controls of various types and in a variety of industrial control appliea- 
tmns. Such control of the output of a rectifier may be accomplished by 
controlling the potential of the power transformer feeding the rectifier, or 

this might, in some cases, be controlled by inserting a controlling resistor 
! n the output , circuit J . V first . m P fhnr] rog „ n «n*asL 
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equipment, and the second would be characterized by poor efficiency 
The development of thyratrons, ignition*, and excitrons the laitertwo 
emg single-anode pool tanks, has made control a direct and relatively 
inexpensive process The basic analyses are common to the three types 

to Zotr^°° ‘ S °' g "” alily “ inCUmd by “»«""« »«' «tt e„«„„ 

t J" * he d ' SC , u f sion in Sec - 1-33 it was indicated that the complete elec- 

thvrat * C S lec lng of the cat hode by the massive grid structure in the 

iffitht f a ?n a ° m thC excitron) P rovides a means for controlling the 
ion o the arc in the tube by controlling the grid potential. Thus 




Sateen: ThC grid ' C ° ntr01 CUFVe f ° r a " a >P lied sinusoidal plate potential to a 

since the arc is extinguished once each cycle on each negative half cvcle 
provided that the arc is initiated regularly, control is possible if the po nt 
m each half cycle at which the arc is initiated can be controlled Such 

fiedlurrent' “ Pr ° Viding * C ° ntro1 ° n the average recti- 

In order to analyze the action of a thyratron in a controls • 
is made of the critical grid breakdown characteristic of Fig ’ As 

indicated in Sec. 1-33, a knowledge of this single curve is s„ffi t t 

predict the behavior of the thyratron in the control circuit Thi ^ 
gives the minimum grid potential required for conduction to & 'T 
each value of plate potential. Thus if a sinusoids, 1 , i * Ur f ° r 

applied to the tube, the potential on the grid that is reouir,ed POt “ tlal 1S 
mit conduction at each point in the cycle is found fro th JUSt t0 P6r ~ 
curve. The conditions are illustrated in Fig 6 1^ gnd 

corresponding to any time t, in the positive half cvcle tv, ” i ! S lagram > 
is «m. The corresponding critical gnd polentffil P ° te f ntial 

the critical grid breakdown characteristic and is ■ lr ® ctl ^ from 

by 1 ! me a a t nS th hat ’ U t nl T ^ ^ P ° tential iS m ° re that given 

pi -^ of 

control of the arc and cannot again control until the arYi's exlinguiM 

JSZ “ !!::z c z XT ged ,ha l the Erid p ° tenti “ 

revalue at some angle, sav <p. Conduction will 
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stait at this point in the cycle. But the potential drop across the tube 
during conduction of the thyratron, like that in any gas arc discharge 
remains substantially constant at a low value E 0 that is independent of 
e current. Consequently the current in the plate circuit of the tube is 
read! y found. Refer to Fig. 6-13, which gives the schematic diagram 

lrent y w a av° n i C11 ' Cmt ’ T ? ^ Which shows the Potential and 

current waveshapes in the thyratron. 

the^latVlo^d d f° P af r r C ° n o U ? ti0n has begun is E * then the current in 
plate load of resistance R t during the conducting portion of the cycle 




I 1 

tnpur^T 


B. 



Fig. 6-13. A thyratron circuit with a-c plate 
and grid excitation. 





IS 


* IG ‘ ^e Phite potential and 

the plate current in a thyratron. 


lb = 


E m sin a — Ei 


Ri 


(6-31) 


where E m is the maximum value of the applied Dotentinl m i 
current is zero until conduction takes Dlace ifw T u'• Clearly> tbe 
value dictated by Eq (6 31) Th P,after "' hlch it assumes the 

(6-31) unti, th. p1°™ °' E<1 ' 

The ™, r e"t remams xero until the phase , „ reached in'tL next 

given by the^pTelfion CUrrent, ^ the VaIue read on a d ~c ammeter, is 




d-c 


27r 



T—<p 0 


ib da 


E 


m 


which integrates to 


2ttRi 



* — <po 


(“ “ - 1 ) 


da 


d d-c 


E 


m 



COS <p -f COS <po — 


E o 


(7T ^j 0 — 


27 'Eli En 

where a = < and where w is defined by the relation 

= E m sin <p 0 

Jfi 39 ) ^H 0 E ° /Em l S Z7 ^l 1 ’ then y ° may be taken as zero, 
(6-32) reduces under this condition to the form 

T _r_ Em . 

d ' c 2ttRi (1 + C0S *) 


(6-32) v - 


r 


(6-33) 

Equation 


(6-34) 
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obtained when the arc is initiated at the beginning of each eye Th 
Sketches showing the character of the results are given in Fig 6-15 

srr™r i t c, t r »«* 

.he tube is „„t conducting enrrent. the ^ 

e ^ across the tube. During the portion 

/ \ of the cycle when the tube is con- 

/ \ / \ ducting, the drop across the tube is 

[ Y~ J -V- j-^cc w hich is assumed constant and 

I\ / \ independent of the tube current. 




6 /-\ 


/ \ 


120 ' 


120 


Fig. 6-15. The character of the conduc- Fig 6 Ifi Th f 

tion in a thyratron for various qn<rh, e 6 ~ 16 * The P ote ntial 

inifiofi^v^ it. angles of thvratron for vorionc- _ 


initiation of the arc. 


: K / AI1C Potential across the 
thyratron for various current-conduction 
periods. 


The reading of a d-c voltmeter placed across the tube will be 


EA = 


This integral is written 


2ir 


Cb da 


as 


E.\.. = 


2ir 


E m sin a da 


x — 


E o da -f- 


This integrates to 


2 " \ 

Ein sin a da ) 

— <P0 / 


E 0 


Ed c ~ Yu ^ ~ ^ - 'P) ~ ~ (cos * + cos vt ) 


(6-35) 


If the peak transformer potential E 


E o, this equation reduces to 


E, * 


(1 -f cos <p) 


(6-36) 
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The appearance of the negative sign merely means that the cathode it> e 
more positive than the plate for most of the cycle. It is to be emphasized 
that the d-c voltmeter does not read the value E 0 when an a-c potential 
is applied to the tube but will read E 0 if a d-c potential is applied. 

The readings of d-c and a-c indicating instruments may be calculated 
in somewhat similar ways. For example, the reading of an a-c ammeter 
in the plate lead will be 


rms 


- 4 /; • 


? da 


which is 


rms 


= /1 /■'“*• (E m sin a 

\2 \ R t 


- E 



da 


(6-37) 


This integration is readily effected. Similarly, the reading of a watt¬ 
meter to indicate the total power supplied to the plate circuit is 


which is 



P = 



x — <po 


E m sin a 


E m sin a — Ei 


Ri 


da 


(6-38) 


This integration is also readily effected. In particular, it is essential to 
set up the basic expression for any quantity before proceeding in its 
evaluation. 

6-7. Phase-shift Control. In the phase-shift method of control, the 
conduction point of the cycle is controlled by controlling the phase angle 



I dc \JL r id_/ags_ ^ | Grid {each, Grid /ags_ i 


oc 



Fig. 6-17. Phase-shift control of 
thyratron. 


a 


rr* 2rr 

Fig. 6-18. The average load current as a 
function of phase angle between the grid 
and plate potentials. 


between the plate and grid potentials. The situation is illustrated in 
Fig. 6-17. In this figure, the grid-cathode potential e c lags the plate- 
cathode potential e b by the angle 0. Note from the figure that the grid 
potential equals the critical grid breakdown potential at the angle <p and 
conduction begins at this point in the cycle. The arc is extinguished 
when the plate potential falls below the value to maintain conduction. 

If the applied grid potential is large compared with th e critical g nd 
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\ 

\ 

\ 
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RECTIFIERS 


STs.“ So Ifinf UCti0 "' 7 "f ,es * and * *» opproximately 

critical grid cu™ cotoeidesTh'l,'" »« C “ dit ““ <* 
i p \\ p ii ^ the zero-potential axis Also if 

* « S v i e g ; v of the f “r of d - c ioad ™ 

-behind the plate potentill When Th ? ^ potential la S« 

potential by any angle, conduction wUl occur veryneariy it the ^ 

glvrt^’o^ ™ A sketch^hovving^hese ^esidts'is 

position, since for an a "iscontinuity at the 180-deg 



^ ^PK 6 Or J-> 



F.o. 6-19. A simple phase-shifting network and the potential circle diagram. 
cuSS ze V ro Ue ’ f °'' “ angl ° ^ less «*> deg the plate 

is used, the foregoing simplificaUons^are'not'valid r “h™" gr ‘ d *°- tential 

sis follows the same general form dun n • ** ouever > analy- 

K .C0 between „ god fTdo, S T- "J ^7 ““ »' «- 

Circuits for achieving the phase-shift control in a'sinale h 
are readily analyzed. A common circuit and th» ♦ Slngle -P ha se system 

that applies to this circuit are given in Fig 6 19 * lnor dia gram 

the grid and the plate potentials is controlled by means of thT bet "’ een 
ances Z, and Z 2 . It should be noted that the L? he two lm Ped- 

Fig. 6-19 has been drawn under the assumption that^ C ‘ rCle d ' agram in 

, Z ‘ " * (> reSi,,a “ 01 Z ' - M. (an inductance) 

Also, the potential circle diagram anDlies nnUr a • 
conduction begins in each cycle. Before conducT 1 ^^^ penods before 
current in the load R„ and points b and P are the begmS ’ there is 00 
of the potential circle diagram, it is clear tha tT the '' esults 
Plate and grid potentials can be varied over the r 6 * 7* * * etween the 
by varying the control resistance R in the phase shTF ™ 8 ° d<?g 

at !80 deg when fl = 0 and with * at <5 deg R ^ T.’ 'T 

as the resistance fl decr^I' 
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angle 0 is, from inspection of'Fig. 6-19, 


0 Lj 2 

tan 2 = E\ = Z[ 


(6-39) 


If tne control impedances Zi and Z 2 are interchanged, then the sinor 
diagram that results has the form given in the accompanying diagram^ 



which shows that E ok leads the potential E pk . Then, from Fig. 6-18, no 
control over the plate current is possible, and 7 d . c is a constant and equal 

to its maximum value for all values of 0. 
The use of R and C as control impedances 
is possible and is generally preferred over 
the use of R and L. With an RC phase- 
shifting circuit, control is possible for 
Zi = —jX C) Z 2 = R but is not possible 
for Zi = R f Z 2 = -jX c . 

6-8. D-C Bias Control. The magni- 
n cir\ T't* . tuc * e the d-c or average rectified current 

control of a thyratron. ot a th Y r atron may be controlled by ap- 

. plying a d-c bias to the grid of the tube and 

con ro ing its magnitude. The plate supply must be an a-c potential.! 
The situation is best understood by reference to Fig. 6-20. 



r 

cCc 

i 


j _ Li_I_ 

“T ^ 1 / 

; - 1 --- 1 - 


E c 


t —AVv 


G 

-WvWv—• 



v •- i v i c O 

Control grid voltage 

Fig. 6-21. The average plate current in 
a thyratron as a function of the d-c grid- 
bias potential. 



K 


Ri 


Eapp 

-o 1 


JZ 

MA/WV- 1 


v 9 

Fig. 6-22. A circuit for bias phase control 
of a thyratron. 


The tube will conduct at the point where E 0 intersects the critical grid 
curve, the angle <p in the diagram. Clearly, if the negative grid potential 
is too large to intersect the critical grid curve, no conduction will be p oS " 
sible. The optimum bias is that for which the grid-potential line is 
tangent to the critical grid curve, and the tube conducts for one-half of the 
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Control ,r raT,"- n " '** ^ 90 d «*’ 

conduction. The results of Fie n 21 a "^ lloIn hl11 conduction to half 

6-9. Bias Phase Control Th C character of the ™>trol. 

as a bias yields b as pCton^ ° f and « ^ontials 

Fig 6-22 Thp n„ , nt . ■ A circuit for such control is given in 
8 ^ netW ° rk com P r) sing R and C serves to introduce an a-c 

potential of fixed phase with respect to 
the plate potential. 

Suppose, for convenience, that 
R = Ac- The a-c grid potential will 
then lag the plate potential by 45 deg. 

The amplitude of the a-c grid potential 
is 0.707 that of the plate potential. 
Suppose also that the critical grid 
potential coincides with the zero axis 
The general features of the operation 
of this control are illustrated in Fig. 

6 - 2 . 1 . The conditions corresponding 

to three different values of E c are il 

lustrated. In the first, £ c is positive; 

in the second, K c is zero; in the third 




he is negative. For the circuit shown, the minimum reef ifi a 
when E c is negative and equal to E„ . Condn .t' k ^ CUrrent 0CCUI 's 

the cycle and continues until the end of the cycle Tf m 135 deg in 

umre negative than this, no conduction is possible t a J* made 

^agrams that conduction will begin at the start of t^ f ^ ^ 
d-e bias equals 0.707 times E om . f the cycle whe » the 

6-10. On-Off Control. A variety of circuits evict -k- k 

control. Such circuits would be used when it is Hp ' At permit on ‘ off 

as an arcless switch or contactor A circuit f„ d « ° US6 a thyratron 
Fig. 6-24. With switch S nr.p U , 11 f0 * on ' 0 ^ con trol is given in 

adjusted that it is more negative tL^hc^ 0 " ° CCUrS “““ E " is 80 
grid value. When the switch <? • , , maxlmum negative critical 

and __ ° thC S ' Vlt0h S 1S eloped, the grid is tied to the cathode 

MjyS|||ffl^^^^ec^uiTenM^elivered. Thp resist- 
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ance R serves to prevent short circuiting of the battery source E cc when 
S is closed. 

6-11. Control of Ignitrons. As discussed in Sec. 1-35, the ignitron will 
not conduct at any portion of the cycle of an applied a-c potential to the 
plate unless ignition is caused by applying a potential to the igniter rod. 
Moreover, since this ignition pulse may be applied at any point in the 
cycle, control of the average current is afforded by controlling the ignition 
of the tube. However, the instantaneous power required by the igniter 
circuit of the ignitron is higher than that required by the grid circuit of a 
thyratron, and the methods of thyratron control are not applicable to 
ignitrons. But with control accomplished the general discussion of Sec. 



Fig. 6-25. Several ignitron control circuits. 

6-6 is applicable, and Eqs. (6-31) to (6-38) express the results for the 
ignitron as well as for the thyratron. 

Several common methods of establishing the point of ignition in each 
cycle of an ignitron are illustrated in Fig. 6-25. These methods utilize 
thyratrons for the control of the ignitron. In the first of these diagrams, 
the ignitron current passes through the load resistor, whereas, in the 
second, the igniter-rod current does not pass through the load. 

Refer to Fig. 6-256, and suppose that the thyratron is not conducting. 
In this circuit the capacitor C will be charged to the peak value of the 
transformer potential through the rectifier. If the thyratron grid poten¬ 
tial is adjusted to permit conduction, the capacitor charge will pass 
through the thyratron and igniter-rod circuits, and the ignitron will con¬ 
duct provided that the ignitron anode potential is sufficiently positive to 
maintain the discharge. The current surge through the ignitron-rod 
circuit will quickly discharge the capacitor, the thyratron anode potential 
will fall below that needed to maintain the arc, and the thyratron igniter- 
rod circuit current will fall to zero. The capacitor will be recharged 
through the diode rectifier circuit in time to control the ignition point in 
the next cycle. 
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PROBLEMS 


1,500 „i,„, i„, i, ,, l " '”” r 10 ■ 

°' '** •'» M lino, »<l I,,,,, 1W , m 

poLS" “ Pl “‘ °' ll “ »«P"'-™rr<.nt raved,„ si „„ soi ,i il , „ p|)|ied 

«» — ... 

these as the r„ of the tube. ' '° 0 ' 200 "“>• ^ the average , f 

g 2 P T1 !V he CUrVe in part b ‘he value obtained from Eo ffi n , 

1 lie two sections of a , 1 :^, 1 - ' ( h '”-4), and compare 

power to a 5,000-ohm load froni^325-volt rin° t unnoct ^ ( ™ parallel and supply 

plate resistance of the parallel combination ofrl H^ ^ potentlal ' T he effective 
Calculate the following: ‘ 1 of dlodes is approximately 125 ohms. 

Q. The d-c load current. 

b. The a-c current (mis). 

t $» e S the dio,ie terminak - 

e. The efficiency of rectification. 

Tile ,T3 10 ...■ 

32WS5 tolrfomlr" ' » MM. lovl [„ m , 

6-4. Show that the input owe , r t, fi ' S< ‘ con,,iti “»*. 

in the form 1 t0 J retl,fiw *« diodes may be expressed 

= 4- EoLu, 


■ —u-u-C 

6-6. A gas diode for which the breakdown , 
to be 10 volts supplies power in a half-wave rectifier" 1 " 1111 - 1 . 1 " 8 potential is taken 
from a 325-volt rms source. Calculate the follo w ' ° 3 1 ’ 00 °-°hm load 

a. The d-c current through the load mg ' 

: l'u e a ' C , (rms) current through the load 
' j i,, rea ding of a d-c voltmeter placed 

f J . 16 reading of an rms a-c voltmeter across^he d’^®' 

/ P°" e r input to the plate circuit. “ ° dl ° de ' 

/. I he efficiency of rectification. 

9- The ripple factor. 

6-6. 1 he peak inverse plate potential m*- r 

vacuum rectifier is 12,500 volts. Calculate the S °- “ 2X2/879 half-wave high- 

a load without exceeding the peak inverse iir eTV" 1 ^"'‘ ~ C P otenti al possible to 
a. A half-wave circuit Potential, when such tubes are used in: 

o* A full-wave circuit. 

c. A full-wave bridge circuit. 
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/. Specify in each case the insulation strength of each filament transformer 
when the positive terminal is grounded. 

6-7. Analyze the operation of the potential-quadrupling circuit of Fig. 6-10. 
Calculate: 

a. The maximum possible potential across each capacitor. 

b. The peak inverse potential of each tube. 

c. The required insulation strength of each filament transformer. 

6-8. The arc drop in a certain thyratron is 12 volts. The tube supplies power 
to a 100-ohm resistor from a 330-volt rms supply. Calculate the reading of a 
d-c ammeter in the circuit when: 

a. The grid and plate potentials are in phase. 

b. The grid potential leads the plate potential by 60 deg. 

c. The grid potential lags the plate potential by 60 deg. 

Assume a zero critical grid potential for all values of plate potential. 

6-9. The circuit of Fig. 6-19 is used to control the current in a load of 100 
ohms. The potential E ab = 330 volts rms, and the power frequency is 60 cps. A 
1,000-ohm resistor and a 2-/af capacitor are available. 

a. Draw a potential diagram that applies for the case where conduction occurs 
for less than the full half cycle. 

b. Calculate the d-c current in the load. 

c. Calculate the a-c power supplied by the line to the plate circuit. 

6-10. The full-wave controlled rectifier for a certain application is shown in 
the accompanying diagram. The resistor in the phase-shift network is adjusted 
to 1,000 ohms. 



a. Draw a potential diagram that applies for the case where conduction con¬ 
tinues for less than the full half cycle. 

b. Calculate the d-c current in the load. 

c. Calculate the a-c power supplied by the line to the plate circuit. 

6-11. An FG-27A tube operates at a temperature of 50°C and supplies power 
to a 100-ohm load from an input potential source of 330 volts rms. 

a. A d-c bias potential of —4 volts is applied. Calculate the d-c plate current. 

b. A 4-volt rms grid potential that lags the plate by 60 deg is applied. Calcu¬ 
late the d-c plate current. 

c. The two sources in parts a and 6 are connected in series. Calculate the 
d-c plate current. 

6-12. An ignitron is used in the circuit of Fig. 6-256. The phase of the con¬ 
trol circuit of the thyratron is adjusted for conduction to begin 60 deg after the 
beginning of each cycle. The tube drop during conduction is 20 volts. If the 
applied potential is 330 volts rms and the load resistor is 20 ohms, calculate: 

a. The d-c load current. 

b. The a-c power to the load circuit. 

c. The power dissipated in the tube. 

d. The total nower dissipated in the load. 
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POWER SUPPLIES 


,ipp,ir:i^ 0 ;r: 0 n,H a po " r **» u> *•«* * ■*«. 

the last ^rZCZlSZ’lr - 

a-c components in addition to the d c tiV' tl a . n .° U 1 tpUt " hlch contai,l « 

the «-c components •* """» »' 

to include a filter between thp r « cr . , factor. It is customary 

ripple components Often an ele t ^ * T ° Utput to atten uate these 

J« tirjSfa :rfn' °it m " 6n m ™»»> »* 

solution of circuits with nonlinear dcmenls Tt’iTno 'iT the 

to make reasonable assumptions in order to effecfan 2 

engineering solution. In consequence, the results oh^' aPPr ° Xlmate 
approximate. results obtained are only 

representation of the outpm'orthe'siimr^^ C ‘ h rcuits ‘ An analytic 

obtained in terms a »«*» * 

tion has the form ’ P llb senes represen ta- 


oc 

^ b k COS ka -f J 


k= 1 


* = 1 


(7-1) 


n — x 

where a = at and where the coefficients thnt • , 

by the integrals PPcar in the series are given 



* COS ka (let 


(7-2) 


f sin ka da 


It should be recalled that the constant i ,, 

series is the average or d-c value of the current aPP<?arS th ' S F ° U:ier 

mSSSSEilZlSSss**: r-”™ rec,m " *■»*. 

- Y p ^joaiHg_the_indicated integrations incimr, jg 
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(6-4) over the two specified intervals, yields 


i = I 


m 


1 , 1 . . 

—h o sin c ot 

7r £ 



cos kcot 


k = 2 , 4 , 6 , 


(k + l)(k 



(7-3) 


where I m = E m /(r p -f R t ) and E m is the peak transformer potential. 
The lowest angular frequency that is present in this expression is that of 
the primary source. Also, except for this single term of frequency all 
other terms that appear in the expression are even-harmonic terms. 

The corresponding Fourier series representation of the output of the 
full-wave rectifier which is illustrated in Fig. 6-5 may be derived from 
Eq. (7-3). Thus, by recalling that the full-wave circuit comprises two 
half-wave circuits which are so arranged that one circuit is operating 
during the interval when the other is not operating, then clearly the cur¬ 
rents are functionally related by the expression t 2 («) = i x ( a + tt). The 
total load current, which is i = i x + i 2) then attains the form 


T [2 4 V 

i = I m -- ) 

7r 7 r / j 


cos kwt 


k = 2 . 4.0 


(k + 1 )(/c - l)J 


(7-4) 


where I m — E m /(R t + r p ), E,„ being the maximum value of the trans¬ 
former potential measured to the center tap. 

A comparison of Eqs. (7-3) and (7-4) indicates that the fundamental 

angular-frequency term has been eliminated in the full-wave circuit, the 

lowest harmonic term in the output being 2«, a second-harmonic term. 

This will be found to offer a distinct advantage in filtering. 

The Fourier series representation of the half-wave and full-wave circuits 

using gas diodes can be obtained in the same way as above, although the 

orm wi e moie complex. This is so because conduction begins at some 

sma angle v? 0 and ceases at the angle ir — <p 0 , when it is assumed that the 

breakdown and the extinction potentials are equal. But since these 

angles are usually small under normal operating conditions, it will be 

assume t at qs. (7-3) and (7-4) are applicable for circuits with vacuum 

or gas diodes. The Fourier series representation of the output of a con- 

tro e recti ler is also possible, although the result is quite complex. 

However, such controlled rectifiers are ordinarily used in services in which 

the ripple is not of major concern, and, as a result, no detailed analysis 

will be undertaken. Some results will be given below covering these 
rectifiers, however. 

7-2. Inductor Filters. The operation of an inductor filter depends 
on the inherent property of an inductor to oppose any change of current 
that may tend to take place through it. That is, the inductor stores 
energy in its magnetic field when the current is above its average value 

and releases energy when the current falls below this value. Conse- 

- - r - . ... - —--— - 
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quently any sudden changes in current that might otherwise take place 
in the circuit will be smoothed out by the action of the inductor. 

n particular, suppose that an inductor is connected in series with the 
load in a single-phase half-wave circuit, as illustrated in Fig. 7 - 1 . For 
simplicity, suppose that the tube and choke resistances are negligible. 


0\ 

o 

o 

7 


p 


o 

o 

o 

>e 

o 

o 

1 



Fig. /-I. Half-wave rectifier circuit with inductor filter. 


Then the controlling differential equation fur the current in the circuit 
during the time of current conduction is 


L 


dh 


+ Rfl b = E m sin cot 

A solution of this differential equation may be effected. This solution is 
complicated by the tact that current continues over only a portion of the 
cycle. The general character of the solution is shown graphically in Fig. 


i b 


I 


.S 

Jb 



180 

cut(c/egrees) 

Fig. 7-2. The effect of changing inductance on the waveform of *1 

wave rectifier with inductor filter. The load /?, ; , f the current in a half- 

L loaa 1<l ls assumed constant. 

7-2, in which is shown the effect of chamrine- , 

fnrm tu . c «* . , lgln g the inductance on the wave- 

form of the current. Since a simple inductance choke is seldom used with 

slr Ve ,f' r . CUiU “, rthCr 0t the *"“*» *i" »»t begin”, 

« ™» in Z b \rV nd * Ske ‘ Ch * ,hC «"»!*—are 
g en in Fig /-3. Since no cutout occurs in the current, the analysis 

ssumes a different form from that for the half-wave case. Now, instead 
^^^^^^^^^^^^^^^_di^erential_equation j _aj in Eq. (7- 5). anc j 
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adjusting the initial conditions to fulfill the required physical conditions, 
an approximate solution is effected. It is supposed that the equation of 
the potential that is applied to the filter is given by Eq. (7-4). More¬ 
over, it is noted that the amplitudes of the a-c terms beyond the first, 
and this is of second-harmonic frequency, are small compared with that 
of the first term. In particular, the fourth-harmonic frequency term is 

only 20 per cent of the second-harmonic 
term. Furthermore, the impedance 
of the inductor increases with fre¬ 
quency, and better filtering action ex¬ 
ists for the higher-harmonic terms. 
Consequently it is assumed that all 
higher-order terms may be neglected. 

In accordance with the discussion, 
it is supposed that the input potential 
to the rectifier and load has the ap¬ 
proximate form 



O 

O 

o 

o 




§ 





Fig. 7-3. Full-wave rectifier circuit 
with inductor filter, and the wave¬ 
shape of the load current. 


e = 


2 E 


m 


4 E 


m 


7T 


37T 


cos 2 ut (7-6) 


The corresponding load current is, in accordance with a-c circuit theory, 


h = 


2 E 


where 


tan \p = 


4 E m cos (2a )t - f) 
ttRi 3tt VRf + 4w 2 L 2 

2 u)L 

~R7 


(7-7) 


(7-8) 


The ripple factor, defined in Eq. (6-14), becomes 
= (42? m /3ir) (1 / \/iZ? + 4u 2 L t ) 2 R t 


1 


2E m /vRi 

which may be expressed in the form 


3 V2 V/e, 2 + 4 


r = 


2 


1 


3 V2 VT+ (4 uVS/Rf) 

If the ratio uL/ Ri is large, this reduces to 


(7-9) 


r = 


1 R t 


3 y/2 c oL 


(7-10) 


This expression shows that the filtering improves with decreased load 
resistance or, correspondingly, with increased load current. At no load, 
Ri = &, and the filterin g is poorest, 
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also the result which applies when no choke is included in the circuit 
[Compare with result with Eq. (6-21), which gives 0.482. The difference 
arises from the terms in the Fourier series that have been neglected ] 

SeSS 6 " Sh ° WS th " ind — ™ accompanied 1,' 

1 he d-c output potential is given by 

Edc = l,J{ ‘ = ~ = 0-637A',,, = 0.90 A', (7-11) 

where E is the transformer secondary potential measured to the center 
ap. Note that under the assumptions made, viz., negligible power- 
transformer leakage reactance, transformer resistance, tube resistance 
and inductor resistance, the output, potential does not change with load’ 
vuth consequent perfect regulation. Because the neglected effects arc 

current g ’ ° UtPUt P ° tential actuaily de( ' reases increased 

"th! 1 3 ‘ , Capacitor Filter - Filterin g is frequently effected by shunting 
the load with a capacitor. During the time that the rectifier output is 

increasing, the capacitor is charging to the rectifier output potential and 
ener gy is stored in the capacitor. ^ 

potential falls below that of the 
capacitor, the capacitor delivers 
energy to the load, thus maintain¬ 
ing the potential at a high level for 
a longer period than without the 
capacitor. The ripple is therefore 
considerably decreased. Clearly, 
the diode acts as a switch, permit¬ 
ting charge to flow into the capaci¬ 
tor when the rectifier potential exceeds tl 

acts to disconnect the power source wher 
the capacitor. 

To examine the operation in some de 
1 a diagram of the circuit. The tube cm 
of the cycle is 


During the time that the rectifier 


£ 

O 

o 

J 



Fig. 7-4. 
pacitor- 


where 


ib — ic ~ 


and where 



%l R, 


i c = ip 

dt 
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where qc is the capacitor charge. The Controlling differential equation 
of the charging current through the tube is then 




(7-15) 


» - 

But the potential ec during the time that the tube is conducting is simply 
the transformer potential, if the tube drop is neglected. Hence the 
capacitor potential during this portion of the cycle is sinusoidal and is 

ec = e = E m sin cot 


The corresponding tube current is 


E m 

lb = ~FT sin cot + (oCE m cos cot 


Ri 


This may be written in the equivalent form 


•4 


ib = E 


m 


where 


+ T sin (u( + ^ 


(7-16) 


\f/ = tan -1 coCRi 


(7-17) 



etch of the current wave is illustrated in Fig. 7-5. 

ion (7-16) shows that the use of large capacitances, in order to 
^ filtering, is accompanied by large tube currents. Therefore, 




\ 


■cot 


id potential in a single-phase half-wave capaci- 


a given load in order to maintain the, 
ant, a very peaked current exists. I n 
current demand by the load, the tube- 
re peaked as the capacitance is made 
ionditions on the tube, since the aver- 
e well within the tube rating and yet 
■he cathode. Vacuum diodes would 
B high peak-current demands, since 
,be drawn without seriously injuring 
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de c 


C ^ -f- -- = 0 

dt ^ R t u 


(7-18) 


I he solution of this differential equat 


ion is 


e c = Ac~ t/ItlC 


(7-19) 


V • i 

t XonStsrrzr’’ ,,,mus !" hp - 

use is ■ * of tl,o ,1.0 time , J ^TJ^ST 


e c - e = E m sin cj/. 


Combining this result with Eq. (7-19) gives 


and Eq. (7-19) becomes 


A = E 


m sin c ot\c tl/RlC 


(7-20) 


ec = E m sin «-'<)/n,c 


(7-21) 


The quantity /. that appears in this expression is known, since at t - t 
the tube current is zero. From Eq. (7-10) this requires ‘ 


from which it follows that 


sin («*! + +) = o 


utl - 7T - \P = 7 T _ tan- 1 coCR l 


If k from Eq. (7-22) is substituted in Eq. (7-21), there results 


(7-22) 


e c — E m sin ajtie~( ul +'t'-T)/ucit l 


(7-23) 


\ • - ^ 

I o find the “cut-in” point, it is noted that „ „ , . . 

former potential e at this point. This requires lmpressed trans ' 


or 


E m sin cot 2 — E m sin («<i— ^-v)/ u cri 


sm u)t 2 = sin co^g— t)/ucri 


(7-24) 


CUt ' m t i me h cannot be solved explicitly, for this i 


is 

effectivelv 


222 


ELECTRON-TUBE CIRCUITS 


-— - — ^ *« - —^ *• * ^ ^ * a w [Chap. 7 

in this evaluation. The results are given in Fig. 7-6. Included on this 
graph are a plot of Eq. (7-22) for the cutout angle and a plot of Eq. (7-24) 
for the cut-in angle. 

The foregoing analysis gives a complete specification of the operation 
of the capacitor filter, the current through the tube being given by Eqs. 
(7-16) and (7-17), the potential across the load resistor being given by 


e c = E m sin wt 
and by Eq. (7-23) 


for 0J^2 < 0)t < coti 


(7-25 a) 



ss 



cot 



e c = E m sin for a >t x < tat < 2tt + wt 2 (7-256) 

With this information it is possible to evaluate the d-c output potential, 
l(m o t ^ ie ripple factor, the peak tube current, 

etc. These quantities may then be 
plotted as functions of the parameters 
Ri, C, E m . Such an analysis is quite 
involved, but it has beeff carried out, 1 and 
the results are given in graphical form. 

7-4. Approximate Analysis of Capacitor 
Filters. It is expedient to make several 
reasonable approximations in order to 
obtain an approximate analysis of the 
behavior of the capacitor filter. Such an 
approximate analysis possesses the ad¬ 
vantage that the important factors of the 
operation are simply related to the circuit 
parameters. Moreover, the results are 
sufficiently accurate for most engineering 
applications. The character of the ap¬ 
proximation is made evident by an in- 

y . i i i i | s P ec ^ on of Fig. 7-7, which shows the 
0 10 20 30 40 so 60 io 80 90 trace of an oscillogram of the load poten- 

1 t-ial in a single-phase full-wave capacitor- 

and cutout angle C ^;'vs an ^ c “'t filtercd reCtifier ' The P° tential " * 

parameters for the capacitor filter. ma y be approximated by two straight- 

line segments, as shown in Fig. 7-8. If 
the total capacitor discharge potential is denoted as E r) then, from the 
diagram, the average value of the potential is 


180' 
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cot 2 ( full wave) 




if; 



£d-„ = E m - 


Er 


(7-26) 
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E' = 


E r 


ring 


2 a/3 


(7-27) 


t'de l hC : apa, ' it0r dis ‘ ,hai *e continues for the full half 

fall in potential during this half cycle is F Tlv fi V’ U 

I ■ 1S Jhat is, approximately 


Er = . 


h-e 


The ripple factor is then given by 


2/C 


(7-28) 


E' 


rms 


/..C 


But since = l^R 


_ Jr _ 

2 VflC 




4 VtfCE. 


r = 


4 VlifC'lt, 


(7-20) 





Fig. Oscillogram of the load po¬ 
tential in a single-phase full-wave ca¬ 
pacitor-filtered rectifier. 



- T/2— 

Fin. i-8. Th P approximate load-poten 

JyeZr^ m 7.7° neSPOndine ,0 ,he 


ripple is zero. As Ri decreases corresnnnrlir, * 

ripple becomes larger. Also, for given tf/the ? Increasin g ™nt, the 
capacitances. Actually, Eq. (7-20) is more i PP 6 ' S smaller for large 
of ripple than for the larger values the val, rly correct for small values 

larger than that obtained experimentally Th ° f n *! Ple b ° ing generall >' 
most purposes. y ' ihe results are adequate for 

The regulation curve is obtained bv cn™ k; • 

This yields 7 comblllln g Eqs. (7-26) and (7-28). 


= E m - 


ii-t 


VC 


(7-30) 


rent. <™r«‘ 

regulation union, the cp»dt,„«'c l ’i' i |'^“' t< ’ r ““° r "" P0,se!> poor 

in the nonk j 

llVPrCQ rvAi_ 
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tial across the tube. It is seen to be twice the transformer peak potential. 
For the full-wave case, the peak inverse potential is also twice the trans¬ 
former maximum potential, as measured from the mid-point to either 
end, or the full transformer potential. Thus the presence of the capacitor 
increases the peak inverse potential in the half-wave circuit from E m to 
2E m but does not affect the peak inverse potential in the full-wave circuit. 

-6. L-section Filter. An L-section filter consists of a series induc¬ 
tor and a shunt capacitor, as shown in Fig. 7-9. This filter is so arranged 
that the inductor offers a high impedance to the harmonic terms, and the 

capacitor shunts the load, so as to bypass 
the harmonic currents. The resulting rip¬ 
ple is markedly reduced over that of the 
relatively simple filters of Secs. 7-2 and 7-3. 

The ripple factor is readily approximated 
by taking for the potential applied to the 


Ao- 


L 


Bo 


:R 


Fig. 7-9. An L-scction filter. 

input terminals of the filter the first two terms in the Fourier series 
representation of the output potential of the rectifier, viz. 


e = 


2 E n \E 


in 


7T 


3tt 


COS 2a )t 


(7-31) 


But since the filter elements are chosen to provide a high series imped¬ 
ance and a very low shunting impedance, certain plausible approxima- 
tions may be made. Ihus, since the choke impedance is high compared 
\\it t e effective parallel impedance of the capacitor and load resistor, 

the net impedance between terminals AB is approximately X L and the 
a-c current through the circuit is 


7’/ 4 E m 1 

X rms - - 

3 a/2 tt X l 


a/2 1 

“ & d-C - 

3 X l 


(7-32) 


l ewi_e, since the a-c impedance of the capacitor is small compared with 
. *, 1 n \ a ^ e assui ned that all the a-c current passes through the capac- 
an none trough the resistor. The a-c potential across the load 
e lipp e potential) is the potential across the capacitor and is 


77T/ 

^rms = 


The ripple factor is then given by 


3 d ' c X L 


(7-33) 


V2Xc = y/2 _ 

3 Xl 3 2ojC 2loL 


1 


(7-34) 


which may be written, at 60 cps, with L in henrys and C in microfarads. 


0.830 
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It should be noted that the effect of combining the decreasing ripple of the 
inductor fiHer and the increasing ripple of the simple capueitoflilter tor 
increasing loads is a constant ripple circuit, independent of load. 

of tiTjST TfV'S a f UmCS tHat 110 l ' unent '• uto,lt exists at any time 

and h Fn 7 * * analysis " 0uld follow alon S ‘he lines of Sec. 7-3 

Eq. (7-31) for the potential would not apply. But since with no 






" ' , • tuuc-uuiieui, waveiorm m the full-wivn mrtifi 

filter, when (a) L = 0, (6) L < L C) (c) L = L (d) J 0 T re . ctif,cr w *h an L-scction 

e ’ {a) l > L C) for constant I d . c . 

inductance in the filter cutout will occur whereas with , 

ance there will be no cutout, it would be expected th 
some minimum inductance for a given current beln h* h "° U d 
occur, although for larger valuesVn T 

r a lly C Se e 7 f To th h e fU ° r 1 " The SitUati ° n " beSt iUust ^ d g-pht 

of series inductance L™ “ ® CXPeCted tUb ® CUITent f ° r Vari ° US amounts 

K the rectifiw is to pass current throughout the entire cycle, the peak 

j^^^^yh^^^omponent. But the d-c value 
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r^d-c > 2 E (l _ c 1 


Ri ~ 3 X 


or 


X L ^ 


2R t 

3 


(7-36) 


from which the value for the critical inductance is found to be 


Lr = 


which has the value 


Lr = 


2 Ri 

3w 

1,130 


5is 



Fig. 7-\]. The regulation curve of a 
rectifier with L-scction filter as a func¬ 
tion of scries inductance, for constant 
output current. 


(7-37) 

for a 60-cps power frequency, where R, is in ohms and L c is in henry's. 
Ho\veve 1 , owing to the approximations that have been made in this 
analysis, it is advisable for conservative design to use a larger value of 

L c than that given in Eq. (7-37). A 
good practical figure to choose as the 
denominator is 1,000 instead of 1,130. 

T. he effect of the cutout is illustrated 
in Fig. 7-11, which shows a regula¬ 
tion curve of the system, for constant 
Ri and varying series inductance. 
Cleaity, when the series inductance is 
zero, the filter is of the simple capaci- 

aDDroximatPlv 1? w.u . tanCe type and the out Put potential is 

= T t , y n ”'' Wlth increasing inductance, the potential falls, until 

... c le out Put potential is that corresponding to the simple L filter 

» U.bd7 L m . I' or values of L greater than/- there is no 

,ot iho oi the resistanc “»' the 

of r E ' 1 ; <7 1 7) ,or *" v w“ M 

n uus would lequire an infinite inductance. How- 

ever when good potential regulation is desired, it is customary to use a 

bleeder resistance across the load no 

t n 0 - 7 x . fl1 . oaa 60 as t0 maintain the conditions oi • 

Eq. (7-37) even if this represents a power loss 

A more efficient method than using a high bleeder current, with its 
attendant power dissipation, is to make use of the fact that the induct¬ 
ance of an iron-core reactor depends, among other things, on the amount 
of d-c current m the winding. Chokes for which the inductance is high 
at low values of d-c current and which decrease markedly with increased 
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™nt, the^inductance i, ^ A.",'f„f" "1, ,h ' re f”» «- ™r- 

is satisfied over a wider range of I{ c ’ T" " equation (7 ' 37 > 

■ ■ - ge 0i Clcarl >'. however, when a swinging 


choke is used, the ripple factor is no 
longer independent of the load. 

The above analysis for the critical 
inductance of the L-type filter applies 
.for the full-wave rectifier for which 


~20 
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iter 7 * 


4 0 60 80 100 

F / G , M2 ‘ T l ie inductance of a swinging 
choke as a function of the d-c current 
through it. 



0 10 & M W SO 60 70 80 90 
Delay angle t deg. 

I’lG. (-13. Critical inductance and d-c 
output potential as a function of the 

rceUfier " 80 “ full '"' ave controlled 


conduction continues for 180 deg in each cvcle . , , 

so obtained are not applicable when an T ' r n sec l uentl y the results 
trolled rectifier. The a^vL f or a Zl'* ^ * US ° d ' vith a con- 

siderably more complicated than that above‘ fier ’ S C ° n ' 
amplitude of the harmonics in the Fourier serie "' K ° th ° faCt that ,tle 
ru. depend, „„ ,he d„. y .ngles, T“ 

cannot be neglected in the analysis The result! f am . plltudu th *t they 

results of such an analysis are 


given graphically 2 in Fig. 7- 13 . 
The curves give a measure of both 
the critical inductance and the out¬ 
put potential. 

7-6. Multiple L-section Filters. 

If it is desired to limit the ripple to 
a value that is less than that possible 



or more * Va i“ b ' e 

WSQ, lh ,„ , he te , cl .„ ce , lh0 *£ KSSM 
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the load. Under these assumptions, the impedance between A z and B 3 

is Xc 2 : The impedance between A 2 and Bo is Xci, and the impedance 
between A x and B x is Xl\, approximately. 

The a-c current I x is approximately 


I — F ^ 

1 3 X L1 


The a-c potential across C x is approximately 


— I\Xa 


The a-c current / 2 is approximately 


E 


j _ 


X L2 


The a-c potential across the load is approximately 


1 2 X C2 — I\Xq2 


X Ll 


3 *-°x L 1 x L2 


x ci V 2 „ Xci X C2 


The ripple factor is given by the expression 


r = 


V 2 


Cl 


*C2 


3 Xli Xl2 


(7-38) 


A comparison of this expression with Eq. (7-34) indicates the general¬ 
ization that should be made in obtaining an expression for the ripple 

factor of a cascaded filter of n sections. The expression would have the 
form 


r _ V2 Xci X C 2 

3 X Ll X M 


Cn 


X 


Ln 


(7-39) 


If the sections are all similar, then Eq. (7-39) becomes 


V2 (X C V y/2 


1 


(7-40) 


3 \X L / 3 (1 &ir 2 pLC )" 

where/is the source frequency. It follows from this that the required 

LC product for a specified ripple factor r at a GO-cps source frequency is 
given by 


LC = 1.76 


(ojn) 


1/n 



Note also that, to the approximation that the impedance between A 2 
and B 2 is simply X C1 , the critical inductance is given by Eq. (7-37), as 
for the sin erl e-sect, ion unit 




n 
















Sec. 7-8] 



POWER SUPPLIES 231 

sr d s: rm ou,pui po "' ,,i,l s °"™ ,r ° m * p “ ri >- .»»■« 

l ie Or it may be necessary to maintain a constant output potential 

or a varying output load. Electronic potential regulators provide such 

a control device and are extensively used for such service. 

e simplest form of potential regulator makes use of the substantially 
constant potential characteristic of a glow tube. A glow tnbeT ,cold 
cathode discharge tube which is characterized by a fairly high tube drop 

As 

»■ - - A m a • 




r vwvm- f — . 

* . * 


i 

■Ei Unregulated 



Supply 

l Oli 

vo/fage 



i 

i 

‘HI 


\ 


C7 




3 


-- vu.n puiuiuai regulator. ^ 

and a low current-carrying capacity (see Sec 1 9<u t\ *. > 

; h h : rrr s operat - s sets 

. fie current. When connected in the circuit'shown in Fig 7-16 the 
potential across the load will be a constant and equal to the tube clLof 
e glow tube, over a range of currents. Specifically, if a VR-150/30 i ■ 

S J e p r ,,al ‘7T the ,mi " m b ' "PP™™.toly 150 voto pr “ 

3tL tube rr “‘ l “ ,OUEh , " b ' rated 30 ma 

If a potential is desired that is higher than thnt of, • , , 

several tubes may be connected in seriesThis win n f ^ 

> used. For example, the »«„” lVR.ml T™' 
provide a constant 255-volt source. The ' R " 10j 111 senes Wl11 

supply potential must be greater than the 
breakdown potential of the tubes in order 
to make operation possible. The differ¬ 
ence between the supply potential and the 
operating tube potential drop will appear 
across the stabilizing resistor R s . 

A , 


An analysis of such a circuit is readily 



Fig 7-17. A typical glow-tube 
volt-ampere characteristic. 


possible 4 if use is made of the practical fact -— u..«, al p CT , st ,c. 

that over the range of operation the volt-amnere r , 

lator tube is almost linear. A typica 

in Fig. 7-17 (compare with Fig 1-37) £ u * sh ° Wn 

expressed by an equation of the form ' ° aractenstlc ma y be 

e = ai 1 + b 


where 


(7-51) 


_ e A 
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From the circuit diagram of Fig. 7-16 it is seen that 


Also, 


Ei-= (zi + i 2 )R, + E b 
E b — E 2 — Rdi = aii -f- b 


from which it follows that 


and 


h = 


12 = 


Eo — b 


a 


Ei 

Ri 


Combining these equations yields 





(7-53) 

(7-54) 


(7-55) 


from which 



Rs 4 " E 2 



aRiEi + bRiR a 

RiRs 4~ aR 8 4- aRi 



(7-56) 


This is the expression for the regulated potential as a function of the 
supply potential and the circuit parameters. 

The variation of the output potential as the input potential varies is of 

considerable importance. The ratio dEi/dE 2 is known as the stabiliza¬ 
tion ratio and is found to be 

c = dEj ^ Ri(R s + a) -f- aR s 
dE 2 aRi 



Combining this with the expression for E 2 gives 




aEj 4 - bR 8 
aE 2 


(7-58) 


This equation shows that for perfect regulation, i.e., infinite stabilization 
ratio, the fraction dEi/dE 2 should be infinite. For best stabilization 
features, both E 2 and a should be small; and 6, E if and R s should be large. ', 
Using typical values with a VR-75 tube, one finds 


Ei = 250 vo}ts 

Ri=™ R s = 32 v .5 kilohms AE { = 20 A E 2 = 0.15 

Ri — 3 kilohms R s = 5.85 kilohms A E { = 20 A E 2 = 0.60 


Such simple gas-tube regulators operate quite satisfactorily, but they 
are seriously limited in their usefulness because of their limited flexibility, 
hoth because of their fixed potential ratings and the relatively low current- 
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i =* i 'ShnpIe Vacuum-tube Regulator. One may employ the variable 

“r 1106 C aCteriSti< ; ° f 3 vacuum tube t0 maintain the output 
potential from a power supply at a substantially constant level The 

beam re^stanee. as previously defined, is r 4 = e b /i b and is quite different 

from the plate res,stance r p of the tube. The circuit of such a simple 
potential regulator is given in Fig. 7-18. P 



+ 


L oad \E2 


R? <E r 


Fig. 7-18. A simple vacuum-tube potential regulator. 

Assume that the potential across the load is at the desired value 
'‘ del " tbl * condition, the cathode is positive relative to ground by a 

n t r i 1^, ve to ground by a 

po entml which is less than E,. The potentiometer R 2 is adjusted 

until the bias on the tube is such that the tube will pass the requisite load 

current. \\ ith this bias, the resistance of T is established at the desired 

va ue to reduce the rectifier output to the desired load potential. 

the rectifier output potential increases for whatever reason the 

potential at the cathode oi T tends to increase. As E 2 increases the 


> 



Fig. 7-19. A simple potential-regulator circuit 


bias on the tube increases and the effective beam resistance of the tube 
becomes greater. Consequently the potential drop across the tube 
becomes greater. If the circuit is properly designed, the increased poten- 
t,a across T is approximately equal to the increase of rectifier output 

potential and the rectifier output potential remains substantially const an? 

The practical form of the circuit will replace the battery by a glow tube 
Such a circuit is shown in Fig. 7-19. J & 

The output potential from this regulator is not absolutely constant 
since for an increased input to the circuit the potential at the cathode of 
r must rise slightly if the regulator is to function. However, if the char- 
a c,tgnsticsof_tube_7; are carefully c hosen, the rise of load potential is not 
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It would be expected, of course, that vacuum tubes in which the beam 
resistance varied rapidly with small changes in bias would be most desir¬ 
able for service in such regulators. Tubes possessing such a characteristic 
could probably be designed if there were no alternative approach. Actu¬ 
ally such special tubes are not necessary, as it is quite possible to achieve 
the same ends by including a d-c amplifier in the circuit in such a way 
that slight changes in output potential are amplified before being applied 
degeneratively to T. These circuits are used extensively, and a detailed 
analysis will be given below. 

7-10. Electronic Potential Regulators—Basic Considerations. 5 The 

design of electronically regulated power supplies has become fairly well 
standardized. The elements of such a circuit arc given in Fig. 7-20. 


Series control tube 



' 1 + 


Regulated 

output 

potential 


e 2 


I* IG - 7-20. A basic electronic regulator circuit. 



As discussed above, the operation of the circuit is essentially the fol¬ 
lowing: The source of unregulated potential from the rectifier and filter is 
applied across the input terminals of the regulator. The unregulated d-c 
current is fed through the series control tube, now designated T2 in the 
diagram, to the output circuit. The regulating action is obtained by 
comparing a fixed fraction of the output potential with a standard poten¬ 
tial source, such as a battery or a VR gas tube. Any difference between 
the two is applied degeneratively after amplification by a high-gain d-c 
amplifier to the control grid of the series current-control tube. The cor¬ 
rection may be made nearly perfect by using a d-c amplifier of sufficient 
gain. If t‘he current requirements are too high for a single tube, a num¬ 
ber of such tubes may be connected in parallel. A power triode is 
frequently used for this purpose, although a pentode or beam tetrode con- ' i 
nected as a triode will serve equally well. Popular series control tubes 
include 6AS7G, 6B4, 6L6, 6V6, and 6Y6G. These tubes will pass 
approximately 75 ma without seriously exceeding the plate dissipation 
of the tube. 

The design of a potential regulator requires a knowledge of the charac¬ 
teristic curves of the control -tube and also of the d-c amplifier tube. 
However, since small changes in potential and current are ordinarily 
involved, the circuit operation may be analyzed in fm-mg of 
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the tube characteristics—specifically, in terms of the mutual conductance 
and the internal resistance of the tubes at the operating points. Several 
cases of interest will be examined separately. 

a. Varying Input Potential—R* Connected to the Input Side of the Regu¬ 
lator. Suppose that the output load remains constant but that the input 
potential to the regulator varies, either because of the poor regulation of 
the input a-c supply potential to the rectifier or because of the ripple in 
the output of the rectifier due to inadequate filtering. It is desired to 
determine the change in output potential under these conditions. This 

may be done by examining the change in potential across T2 due to the 
change in input potential. 

Consider the changes that occur in T2 due to changes in electrode 
potentials. • For small variations about the levels specified in Fig. 7-20, 


Note, however, that 


and 

Note also that 


^p2 = Qm 2^02 "T 




(7-59) 


(7-60) 


where R, is the equivalent load resistance, which is assumed constant 
By combining these equations, there follows 



which becomes 


dE 2 

Ri 


gm2{dE X 


— dEf) -f 





+ M2 T 1 



— M2 dEi -f- dEi 


from which the change in output potential dE 2 is given by 


dE 2 


M 2 dE x + dEj 
M 2 + 1 4- r p2 /R t 


(7-61) 


/ 


To relate dE, to dE 2 and dE , an examination is made of the operation 
of T 1 . It should be observed that dE, is the resultant of two effects 
One is an increase which arises from the change in input potential and is 


-{-dEi 


pi 


# 3 + r 


pi 


0 

This is the effect of the series 


circuit comprising R 3 and 


the tube T 1 m series. The comparison potential source E. does not 
appear, as it is assumed to be of constant potential and zero internal 
impedance. The second component is the amplified effect of the input 

^22!ll__Z^i s * s dE? p _l _ 2 p Ki, where K, is the gain of Tl. That is, the 
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dE l = 


r v 1 


which is written as 


Rz + T p i 


dEi + 


R 


R i + R 2 


KidEt 


where 


7 = rpl 


R 3 + Tpi 


dEi = 7 dEi + pKi dE 2 

~ViRz 


K i = 


t p i + Rz 


0 = 


R 


R i -h R2 


Now combine Eq. (7-63) with Eq. (7-61). This gives 

_ ^ 2 ( 7 dEi + 0 K 1 dE 2 ) + dEi 

(M 2 T- 1) + r p2 /R t 

which then becomes 

dE 2 =_ dEj(n 2 y + 1) 

M 2 (l — 0K 1 ) + 1 + r p2 /R t 

The potential stabilization ratio & is given by 

s = = m 2 (1 - 0Ki) -f 1 + r p2 / R t 

dE 2 M27 + 1 

which approximates under normal conditions to 


(7-62) 

(7-63) 


(7-64) 


S == — 0 E 1 M 2 
M27 + 1 


(7-65) 


The quantity $ gives a measure of the effectiveness with which the regu¬ 
lator compensates for changes in potential in the input. For a regulator j 
with a single d-c amplifier stage, S may be of the order of 300 to 1 , 000 . \ 
an improved value for S is required in order to achieve an almost 
ripple-free output, it is necessary that the gain of the d-c amplifier be 
increase . This is most easily done by adding a second stage of d-c 

amplification. Such circuits will be considered below. With such cir¬ 
cuits, a value of S of 25,0<f)0 is possible. 

b. Varying Input Potential R 2 Connected to the Output Side of the 
Regulator. Somewhat improved results are theoretically possible if the 
plate-load resistor R z of tfte d-c amplifier stage T1 is connected to the ^ 
output side of the regulator instead of the input side. That an improve- ' I 
ment appears possible follows from the fact that one may now assume 
that the plate potential to which the amplifier Tl is connected is sub¬ 
stantially constant and that the total change dEi is just the output from 
this stage, viz., 

dEi = 0Ki dE 2 ( 7 - 66 ) 

All other conditions remain as in the foregoing analysis. As a result, the 
term involving 7 does not appear, and the corresponding stabilizatioj^^^^ 
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dEi 

dE 


S = = ~ /3/v i) + 1 + r p2 /Ri 


(7-67) 


which approximates under normal conditions to 


S = —j3K 1 M 2 


(7-68) 


Owing to the denominator that appears in Eq. (7-65), the value of S 

appears to be higher m Eq. (7-08). Actually, however, the d-e amplifier 

il operates in a more linear manner under condition a . with somewhat 

ngier gain A,. I nder normal circumstances, the two connections yield 
about equal results, and both are used. 

c. T aryingLoad. Suppose now that the change in the output potential 
when Ri is connected as in case b results from a change in the load current 
owing to the internal resistance of the supply. If this change in potential 

is again denoted as dE 2 , then, as before, the potential appearing at the 
grid of the current control tube is 


e 0 2 = dF^ — d E 2 


with 


dE i = 0K i (IE o 


If g.„ denotes the mutual transconductance of the series control tube the 

resulting change in current through this tube due to a change in potential 
e a2 at the gridjs 

dip = g,n2C 0 2 

which is 

dip — Qm 2(1 &K 1 ) dE2 ( 7 - 69 ) 


The ratio of the change in output potential to the change in output cur¬ 
rent is denoted by Ii 0 and is the effective internal resistance of the regu- 
lated power supply. This is given by ^ 


Ro = 


dE 


1 


dip Qm 2$ K 1 


(7-70) 


In a typical case the effective internal resistance of the regulated supply 
may be as low as 0.5 ohm. J 

This calculation assumes, of course, that there is no change in the input 
applied potential with changes in output current, or, equivalently, that 
the internal impedance of the unregulated power supply is low. This 
condition is not often met in practice, and due account must be taken of 
this factor . , If the internal resistance of the unregulated driving source 
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internal resistance of the regulated power supply is given by 

Ro = -Ar + % = - „ l RK f 1 + — ) (7-? 1 ) 

— g m 2pKi o ~g m 2(3Ki \ r P 2/ 

For a typical case = 500 ohms, S = 1,000, so that the added resistance ° 
due to the regulation of the input source may be only about 0.5 ohm. 

7-11. Design Consideration. A typical circuit that yields satis¬ 
factory results over a wide range of input potential and over a wide range 
of load current is given in Fig. 7-21. Although the diagram of Fig. 7-20 

shows a triode as the d-c amplifier, it is found more desirable to use a 


6Y6G 


Unregu!atea\ 
input 
450 volts 



Regulated 
output 
300 volts 


Fig. 7-21. An electronically regulated power supply. 



i 

4 


w 

Fig. 7-22. An electronic potential regulator employing a two-stflge d-c amplifier. 

pentode in this position and this has been done in the circuit of Fig. 7-21. 
The reason for this is that it frequently happens that the d-c regulation 
is not as good as one would expect when a triode is used, primarily because 
the grid impedance of a high-gain triode is quite low. The grid imped¬ 
ance should be high, especially if the full gain capabilities are to be ' 
realized. A 6SJ7 tube is superior in this respect and hence is frequently 
used. The 6Y6G pentode called for in Fig. 7-21 gives satisfactory results. 
The 6AS7G tube possesses some advantages over this, since it has a 
relatively high tube current rating (125 ma) with a relatively law tube 
drop. Also, the heater-cathode insulation is sufficiently good to avoid 
the need for a separate filament heating transformer for this tube. The 
tube does have a rather low value of m (= 2 .1) which requires a rather 

large contr ol potential 


f 
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If a potential regulator is required which is to provide a practically 
ripple-free output and an almost perfect regulation, it is necessary that 
the gain of the d-e amplifier be increased. This is most easily done by 
adding a second stage of d-c amplification to the regulator circuit. A 
variety of such circuits are possible, and several types are illustrated 
here. Figure 7-22 shows a simple two-stage resistance-coupled ampli¬ 
fier; Fig. 7-23 utilizes a cathode-coupled amplifier; and Fig. 7-24 uses a 
“cascode” amplifier. 



+ 


f Output 


* IG - 7-23. A potential regulator employing a cathode-coupled amplifier. 



7-12. Special Precautions.* Although the principles of operation of 

the regulated power supply are straightforward, it frequently happens 

that the maximum performance will not be realized in practice It is 

well to consider some of the reasons for this. The important factors to 

be examined closely are the degenerative d-c amplifier loop and the vari- 
ous sources of hum. 

a The Degenerative D-C Amplifier Loop. For satisfactory operation, 
he d-c amplifier must be degenerative at all frequencies for which the 
loop gam is greater than unity. If this condition is not met, the system 

W1 ,? S< ' (refer to ® ec ' an< ^ the regulation properties will be 
grea y a ected. One of the best ways to ensure that the power supply 
will not break into oscillation is to limit the h-f response of the amplifier. 
^^^^^^^lon^^Mncl uding a large capacitor across the output (8 /if 
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or 16 (if). This will usually provide the necessary h-f cutoff and will still 
keep the power-supply impedance low at high frequencies. The 0.1-/zf 
capacitor from the grid of Tl to B+ serves to prevent a phase lag at the 
grid of the d-c amplifier and also compensates somewhat for additional 
phase shift in the amplifier and increases K i for frequencies above a cycle 
or tw T o. 

b. Sources of Hum. Among the sources of hum which give rise to a 
higher ripple in the output than is expected, and their possible cures, are 
the following: 

1. Ripple from a-c heated filaments in the d-c amplifier. By grounding 
the center tap of the heater transformer and by choosing tubes with low 
heater-hum characteristics, the hum in the output potential can be 
reduced to 4 or 5 mv rms or less. 


2. Ripple from common leads. This may arise from coupling between 
the d-c supply and some a-c source, such as a filament supply. The use 

of the chassis as a common ground with grounds to various parts of the V 
chassis may introduce this hum potential. This effect is ordinarily small, 
perhaps several millivolts rms, except when the common coupling appears 
in the input of the d-c amplifier in the regulator, in which case it may be 
appreciable. To avoid this difficulty, grounds should be separately 
returned to a single point. 

3. Ripple from supply potential. The screen potential to the d-c 
amplifier must be ripple-free. This may require a filter at the screen . 
terminal at the tube base. 

4. Ripple in the comparison potential source. It might be necessary 
to include a filter in the CR circuit for this purpose, in addition to the ( 
0 .000l-/xf capacitor shown (which is to prevent any effects that might I k 
arise from the h-f plasma oscillations in the YR tube). 

5. Induction loops. If coupling occurs between circuits by electro¬ 
static or electromagnetic induction, it may be necessary to include a 
simple RC filter in the input circuit to the d-c amplifier and in the com¬ 
parison-voltage circuit. 

c. Heater Supply. When the heater of the d-c amplifier is fed from an 
unregulated source, changes in output with heater-potential changes may 


be quite noticeable. This can be eliminated by operating the heaters 
from the regulated d-c supply. 
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PROBLEMS 

7-1. It is planned to use a type 83 gas diode in a single-phase full-wave rectifier 

circuit with capacitor filter. The transformer potential is 350 volts rms to 

center tap. The load consists of a lO-^f capacitor in parallel with a 2,500-ohm 

resistor. The tube drop and the transformer resistance and leakage reactance 
may be neglected. 

а. Calculate the cutout angle. 

б . Determine the cut-in point. 

c. Calculate the peak tube current. Should the type S3 tube be used? Com- 

at given (1 arnp) in the tube manual. 

7-2. Given two 20-henry chokes and two 16-/zf capacitors. Calculate the 
output potential and ripple factor under each of the following conditions: 

a. the two chokes are connected in series with the load. 

b. The two capacitors are connected across the load. 

c. A single L-section filter, consisting of the two chokes in series and the two 
capacitors in parallel, is used. 

d. A double L-section filter, consisting of two sections, each of one choke and 
one capacitor, is used. 

The load is 2,000 ohms, and a 375-0-375 transformer is used in a full-wave 
circuit. Assume a 25-volt drop occurs across the tube. 

7-3. A power supply has the form shown in the diagram. 



2S /? JOO n 25 h 300 /l 


16 



a. Determine the approximate secondarv potential of the nnu-or tmn.f 

7 What ' vould be tlle ri ] |,1)1 ® potentia ! if tlle P°"er frequency is 60 cps- 400™^ 
7-4. In the power supply shown in the figure: ~ p P ’ 


O 

3 



20 h 10O' 1 20^100* 


16 


'"/6 


a. What is the output d-c potential? 

b. What is the ripple potential in the output? 



lOOmat 
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C. What is the minimum load current below which current cutout in the filter 
occurs? What is the corresponding load potential? 

Note: Make allowance for the tube drop, but assume a perfect transformer. 
7 - 5 . A typical circuit for the high-potential supply for a cathode-ray tube is 
shown in the diagram. Estimate the output ripple potential. 



t—VAA/V 




0.25 


200O v 
250/z a 


7 - 6 . The circuit shown in the accompanying diagram is to supply two different 
potentials. If the transformer is 375-0-375, what are the output potentials? 



s 


7-7. A simple shunt regulator is illustrated) with the ripple component of J 
potentials and current specified. Suppose that X c » Ri at the ripple frequencies. I 



% 


I 


a . Derive an expression relating the circuit parameters to yield zero ripp^ e 
potential e 2 . 

b. Suppose that tube T is a 6J5 which is biased at E ce = — 8 volts, so that 
/z = 20, r v — 7,700 ohms. The total d-c load is 50 ma at 250 volts. Find the 
values of Ri, Rz and the total d-c potential drop through the regulator between 
input and output. 

c. Discuss the limitations of the circuit, such as internal d-c resistance and 
internal a-c impedance. 
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7-8. Given the electronically regulated power supply shown in the diagram 


2\/oifs 
ripple lOOma 



4ZO 


1 



300 


a. What must be the gain of the d-c amplifier to reduce the output ripple to 

8 mv? ' 1 

b. \\hat must be the gain of the d-c amplifier to reduce the output imped a 

to 1 ohm? 1 

• 7 xT 9 ‘ J lie acI . tlltlon of a resistor 7? to the electronic voltage regulator, as shown 
in the figure, improves the potential stabilization ratio. Express the required 


a nee 



value of R in terms of the circuit parameters in order to achieve perfect 
stabilization. 1 cu 

7-4°. Given the basic cascod ; circuit shown in the diagram, show that the 



total current through the tubes is 


l __ M 2 (mi + l)e 2 + Mill 

r Pi + (Mi + l)r p2 + Ri 

^J^^l^^the^over-all gain of th is amplifier, when the grids are tied together 
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in so far as the a-c signal is concerned, ei = e 2 = e 0 , is 

K = 4- 2 )Ri 

(m + 2 )r p + Ri 

7-11. Calculate the ripple potential and the per cent regulation in the regular-" 
tors of Figs. 7-21, 7-23, and 7-24. A load of 75 ma at 300 volts is supplied. 
The rectifier and filter system supplies an input potential of 460 volts to the 
regulator. A II filter, consisting of two 8-/xf capacitors and one 12-henry choke, 
is used. The effective output resistance of the filter is 650 ohms. 

7 - 12 . The circuit of a high-potential stabilizer is shown in the accompanying 
figure. ^I\ote that this circuit is similar in principle to that illustrated in Fig. 
7-22. Calculate the stabilization ratio of this regulator. 


+ 


lOkn 

AWv 


2000 



6SL7(j) 


SMn 

WW 


6SL7(i) 



2Ma 



VR10S 


700k/i 


+ 


>7500 


20kn 


.SM 


2M 


V 


7 - 13 . Given the voltage regulator shown in the figure. 

a. Specify the values of all circuit elements in the circuit, and give reasons 
for your choice. The load current is 75 ma. 



i 


b. Indicate on the diagram the d-c potentials at all points in the circuit. 

c. There is a 3-volt rms ripple at the output of the rectifier and filter. Tn e 
effective internal resistance of the source is 530 ohms. Calculate (1) the poten¬ 
tial stabilization ratio of the regulator; (2) the output ripple potential; (3) tb e 
output resistance of the system. 

7 - 14 . Repeat Prob. 7-13 for the regulator shown in the accompanying di^ 
gram. Compare the ynrresnnnrUno- 
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4 



comparison is interesting since the twj circuits require roughly the same 
components. 

Repeat Prob. 7-13 for the electronic potential regulator shown in the 

accompanying diagram. Note that, from practical considerations, this is not a 
desirable circuit. 



7 - 16 . Design a regulated power supply that will supply 150 ma at 250 volts 
from a 450-volt rectified and filtered source, with a ripple not to exceed 0 1 per 
> cent and with a stabilization ratio of 15,000. What is the rms ripple potential in 
the output of this regulated source if a n filter consisting of two S-fif capacitors 

and a 12-henry choke is used? The effective output resistance of the filtered 
supply is 650 ohms. 


CHAPTER 8 

ELECTRONIC COMPUTING CIRCUITS 


me h,nh ^ USed ln Computer design. Some are entirely 

mhcrs are L 1T ° penition ' som « are electromechanical, and 

tance in inaW t 6 ^ the a, ' al ° g types ' Some circuits of impor- 

ZZe ™ V* C ° m f UterS t0 be examilled in thi. chapter. 
vaHed and n n r& 7 re th ° Se in "' hich electrical quantities which can be 
difforenti'il Pm i t " 0 <0IU eniently, usually potentials, are made to obey 

u der urtv t 7 S ^ " e identical “ fo ™ to those of the system 
coin do nen t s ^t'o ^ USe ° f pui ’ ely electrical principles and 

srzScS s^r ation concerning the behavi ° r ° f a - 

mathematical t0 ^ examined are th ose which perform such basic 

”“!!r i°rf “ S f * ddi,ion - ™».,«otion, differentiation, into- 

depcnd'for their Ra 10 'f’ lvlsion > etc - In some cases, these circuits 
s h ot ° Perat, °? u 0n the spe ci a l shapes of the tube characteris- 

desired results. £, ° * appUed in -ays to achieve the 

circuits. am °P elatl °ns are performed by a combination of . 

potential isThe^iffeTenceT’t circuits exist >» "'hich the output 

ueience between two input signals. Figure 8-1 is the 



—-—vuvv aiiipxi&ivi • 

cathode-coupled difference amplifier. It will be noted that both inputs 

have a common ground connection. The operation of this circuit will be 
analyzed for the case of identical tubes. 


To analyze the operation of this circuit requires its equivalent circuit 
In this case a simple approach is to view the circuit from the 


) 
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r P* R i, 

m+t 


r+R 


+ 


ww 


~u+J ei 


0 


<7\ 


■R k ' i 2 



Fk;. 8-2. The equivalent circuit of Fi^. 8-1. 


ground terminals and draw the Thevenin equivalents looking into each 
tube. 1 his yields Fig. 8-2. 

results^ genelal DetWOrk COnsiderations - ,h< “ following set of e( 1U ations 


r » + R n , r, I „ . 

M+l +Rt ) h ~ R “'- = a+1 C ' 


~ *>•+ CiITT + *>)- - 


( 8 - 1 ) 


H + 1 


r-> 


A solution of this set of equations by deter 
for i h 


rminantal methods yields, 




ii = 


Rn + r p 


m -F 1 


r + Rk e, - R 




(Rn -f- r p )(R l2 + r p ) 

M -f i + Rk(Rt i 4- /t*/j -F 2r p ) 


( 8 - 2 ) 


and, for the current f 2 , 


12 = 




M -F 1 


Co 


(/?n -F rp)(/?/ 2 -F r p ) 


n + 1 


+ Rk(Rn -F Rn -F 2r„) 


(8-3) 


The output potentials follow from these and 


are. respectively 

* ) 


— nRn 


Coi — i\Rn — 


R 12 -F r 


M + 1 


+ Rk Ci - R k c 2 


(Rn 


and 


~ F r j >)(Rn -F r p ) 

H + 1 h + Ril + 2 r.) 


(8-4) 




C 02 = —I2R12 = 


+ *•)«.] 


(ftt + r p)(R n -F rJ ~ ~~ (8-5) 

fx -f 1 R R (Rn ~F Rn -F 2/* p ) 


ns of operation for which the ratio 
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(Ri + r p )/(n + l) « R kj Eqs. (8-4) and (8-5) reduce to 


— vRi 


601 Rn + Rn + 27 p (ei ~ 

- _ +nRn , 

Rn + Rn +W P (e > ~ e ^) 
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( 8 - 6 ) 

(8-7) 


riv^Sn tert?n r r d fr0n !. fi th r!.! quati0ns that the °«tput potentials are 
g n in terms of an amplified difference between the two input potentials. 


Go2 

IT 


L |_f j 2 

Fio. 8-3. A modification of Fig. 8-1 to yield a single output potential. 

r (sirit 16 resist ““ s - re - * - * 

*“ ■ 5Ta + r F T (, ‘ ' «■> M 

eno = + f 

2(R t + r p ) (fil ~ (8-9) 

Sude e bTo S f i onn Sh ? W ^ the tW ° ° UtpUt P otent ‘als are of equal mag- 
vided bv the PP °® lte P° Iant y- Also, appreciable amplification is pro- 

potential ls ^ N ° te that the diff ™ between the two output 


e ° l ~ e ° 2 = R^ry p («» - *) (8-10) 

fpptxfma^th,? reSS H n WaS ° btained from ex P ress ions that are only 
fied by using P U t 1S actuall y exact. That this is so may be veri- 

forms [Eqs. (S-GUnd ^?)*"* 1 (8 ~ 5) dirCCtly ’ and not the approximate 

shown ttL°T Th deSi ? d ' the drCUit may be m0dified t0 the f ° rm 
R — 0 in Fn? (k r\ e from this circuit is obtained by setting 

Rn - 0 in Eqs. ( 8 - 6 ) and (8-7). The result is 


- * *fk <*■ - «’> 


(8-11) 


r 

It should be noted that no restrictions have been placed on the input 
potentials d and e 2 , and the results are therefore independent of the 
waveshapes and amplitudes, except that the amplitudes must not be go 
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large as to vitiate the linear equivalent circuit of the tubes. This result 
should be compared with that given in Eq. (4-44). 

Attention is directed to the restriction on the validity of Eq. (8-11) 
which was imposed in going from Eqs. (8-4) and (8-5) to Eqs. (8-0) and 
(8-7), viz., that R t -f r p <3C (^ + 1 )R k . The exact difference condition is 
valid only for R k -> «, an impossible practical condition. In all cases, 
therefore, a slight error exists, although this may be minimized by slight 



+ 


► 6» 2 


Fig. 8-4. A circuit of an exact difference amplifier. 

K 


&m e gl 



t 


&m. e y2 


Fig. 8-5. The equivalent circuit of Fig. 8-4. 

changes in R n and R lt . A circuit* which does not suffer from this limi¬ 
tation 1S given in Fig. 8-4, which differs from Fig. 8-3 by the presence of 
a resistor from the plate of tube 2 to the cathode. 

The analysis of the operation of this amplifier best proceeds from the 
dkgram S ° UrCe 6qU1Va ® nt CirCuit ’ which is B iven “ Fig. 8-5. From the 

e 0 i = ei — e k 

e o 2 = e 2 — e k ( 8 - 12 ) 

fesult n : aPPliCati ° n ° f ^ jUnCti ° n analySiS ’ tHe f ° ll0wing two expressions 

-(F, + Y + Y,)e k + Y,(e k - e 02 ) = - 6k) 

r,e. - (V, + r + r,)<„ _ ,;j 

Combine terms to get 

(0m + Y + Y„)e k + F,e „ 2 = g m e k 
(Qm ■+* Y + Y p )eic — (Yi -f- Y -}- Y p )e 02 = g m e 2 

•JC^eauthor is indebted to Dr. Richard McFee for calling this circuit to his atten 


(8-13) 


(8-14) 
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Now subtract the second equation from the first. This gives 
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or finally 


eo2 — 


+ y p + 2Yi)e 0 2 = —g m {e2 — ej 


(8-15) 


wnit+v% <" ' «■> - <«. -«■> 

(8-16) 

N ° A te t S ?° appr f °^ ations were in this development. 

that one of t°he m amplifier is in ^trated in Fig. 8-6. Note 

that one of the input potentials is isolated from ground. To analyze the 




Fig. 8-6. A series, or cascode, type of Fir 7~-T"! Ao 

difference amplifier. F r . The equivalent of the cascode 

* Plr/n,.* . f T~>* A 


circuit of Fig. 8-6. 

is P given in^ig!^-?!rom C th^di^gram ^ ^ Gquivalent drcuit ’ M 


Also, it is seen that 


e 0i — Cl — iR k 

e 0 2 = e 2 — iR k 

i = M(g g i + e g2 ) 

2(r p + R k ) 


(8-17) 


— - r 

which becomes, by combining with Eqs. (8-17) 


from which 


i = £ - 2 iR k 

2 


i = »S e i + e 2 ) 

2[r p + ( M + !) R j 


( 8 - 18 ) 


The output potential is then given by 

eo = i(r, + /fi) - ^e cJ 
= + R k ) - 
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or 


e o — i[r p + (m -f- 1)/?;.-] — ^e -2 
Combine this expression with Eq. (S-18) to find 


(8-19) 


Co — - (c i -f- c->) — ^e 2 


or finally 


Co = T (e, - Co) 


( 8 - 20 ) 


+ 


r 


•-wvv 

r 2 
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+- —ww-« 
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-. 
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+ r —WVV- 
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> 

*3 

1 

L 

J 


\e 0 


which shows an exact relationship without approximations. 

I his circuit would he quite satisfactory in many applications, although 
there is the need for one input potential which is isolated from ground 
1 h,s requirement can he met, if the input is an a-c potential of nominal 
nequency, by the use of an isolating transformer. For waveshapes which 
might have h-f components, the isolating transformer might cause diffi¬ 
culties. Moreover, at the high frequencies, an unbalance will arise 

because of the tube and stray wiring capacitances. Difficulties in the use 
of this circuit will also be encoun¬ 
tered at the very low frequencies, 
owing to the isolation problem. In 
most cases the circuits of Fig. 8-3 
or 8-1 would be preferred. 

8 - 2 . Summing Circuits. Sup¬ 
pose that it is desired to add a num¬ 
ber of potentials of arbitrary phase, 

amplitude, and frequency. Annin- 8 " s - A resistance summing network, 

her of circuits exist for effecting this addition. Perhaps the sinmln-r 
method ‘s to effect the summation by means of the resistor network of 

A direct application of the Millman theorem yields the expression 

- C ' Y ' 4 e,Y, 

r, + r, -FTvFT, (8-21) 

If the resistances are all chosen equal so that R, = R - p _ t> « 
then Eq. (8-21) becomes 3 1 ’ 

Co -f- e. -f- e o) (s_92) 

This shows that addition is accomplished, but the network gain depends 
oil the number of resistors in the network. 

Ordinarily the resistances are high in order to avoid not only the load- 
^goesoiirees but also interaction among the sources through these 

Lk. of »1 I___1__ 1 . • 


Co 
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output terminals is high. In order to avoid loading of the network by 
the output, the network should feed the grid of a tube circuit. 

A feedback summing amplifier which essentially comprises the resist¬ 
ance summing network and the anode follower is illustrated in Fig. 8-9. 
From considerations only of effective input impedance of the amplifier ^ 
circuit, the cathode follower could be incorporated in the circuit in place 
of the anode follower. However, more is gained than low loading, since 
a unity-gain system, independent of the number of inputs, is possible. 


+ 


e i< 



+ 




Fig. 8-9. A feedback summing amplifier. 

A direct application of the Kirchhoff current law at the grid of the 
tube of Fig. 8-9 yields 


ei — e 0 , e 2 — e g 


R i 


+ 


R 


+ 


• • 


+ 


e n e o i e o e a e 


R 


+ 


_£ °0 

R f ~ R. 


(8-23) 


from which 


— + — + 

fl, 


+ t; = e ‘(i + i + i; + • • • + ir.)- 


i 


eo 

Rf 


If the resistances are chosen to be 

R\ = R-i = • • * 

the above equation becomes 


— Rn — Rf — R g = R 


i V n 

fl4 e, = - 


+ 2 


R 


e 

8 R 


(8-24) 


n 


Now, making use of the fact that the nominal gain of the amplifier is 


K = 


eo 


the above equation becomes 



niui 



I V e _ 

R Z/ " “ K 









Sec. 8-2] 


ELECTRONIC COMPUTING CIRCUITS 


253 


But the nominal gain of the amplifier will be high, particularly if a pen¬ 
tode is used. For the case of a pentode, and with n ordinarily small, 
Eq. (8-25) reduces to the approximate form 



n 


from which 



n 


( 8 - 20 ) 


If the feedback and input resistances are not made equal, Eq. (8-26) 
becomes 



(8-27) 


The appropriate choice of input impedance will permit multiplying the 
corresponding input potential by the value R f /R n . In case any one of 
the input potentials is required to have a sign opposite to the others, an 
anode follower or other sign-reversmg amplifier can be used before the 



Fig. 8-10. A common cathode summing 
chain. 



Fig. 8-11. The equivalent circuit of Fig 


potential is applied to the appropriate input resistor of the summing 
amplifier. b 


A circuit for the addition of potentials in the cathode circuit of a chain 
of stages is shown in Fig. 8-10. An analysis of this circuit is readily 
effected if it is assumed that identical tubes are used. In this case the 

equivalent circuit attains the form shown in Fig. 8-11. An application 
of the Millman theorem yields 


= ^' Y p + Y v + • • • + fxe a „Y. 

nY p + Y k 


or 


e 0 = 


»v P 


( e ol + e 0 2 + 


~F e 0 n) 
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But the grid potentials are 


Cgl €l 6 0 


^on e 0 


(8-29) 


Combine with Eq. (8-28) to get 


e 0 = 


MVp 

nY v + I 


(ci + • • * 4- e n — ne 0 ) 


or 


=_ al* _y c 

»(m + i)i% + i’» 4 


(8-30) 


which is given, with good approximation, by 


* .. ^ y c 

«(/* +1) 4 


(8-31) 


This circuit permits potential summation with very little interaction 
among the potential sources, owing to the effective isolation afforded by 



Fig. 8-12. A common plate summing chain. 

each tube. However, it does so at the expense of a tube for each poten¬ 
tial source. For this reason, the circuit of Fig. 8-9 with large series 
resistances would ordinarily be preferred. 

Addition is also possible by connecting a chain of tubes through a 
common plate resistor, as illustrated in Fig. 8-12. The resistors r in 
each plate lead are small suppressor resistors, to avoid oscillation. It 
may be shown that the output potential from such a plate summing chain 
is given by the expression 


e 0 = 


n + r 


l 


(8-32) 


Here, as in the case of the common cathode summing chain, a tube is 
required for each potential source in the adding group. Some over-all 
.gain is effected in the circuit._ 
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8-3. General Operational Feedback Amplifier Approximate Analysis.' 

A number of computing elements utilize feedback circuits in order to 
achieve their desired results. A circuit that is used extensively in such 
applications is given in Fig. ,8-13. The equivalent circuit is also given, 
this circuit, with appropriate choice of parameters, was examined in Sec, 
5-11 as the anode follower. An exact analysis is contained in Sec. 5-11 
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Img. 8-13. A general feedback circuit and its plate-circuit equivalent. 

although an approximate analysis yields important information. This 
will be examined Indore the exact analysis is discussed. 

An application ot the Mi 11 man network theorem yields directly 


e a = 


C t ) I -T Cy] 'j 

1 i + ) / + Y 0 



o-»)» 


This is rewritten in the form 


Vi + Y f + Y, 


„ _ _- ■ - / ~r i o Y i 

Yf T, e ' 


(8-34) 


But the nominal gain of the amplifier is, by definition. 


K = e -± 


e„ 


(8-35) 


and the resultant gain with feedback is 


K f = £- 2 


< Then Eq. (8-34) becomes 


ei 


(8-36) 


A 


Kr = 


or 


y j + Yf T Y 0 

Yf 


£i 

Cl 


Vi 

Yf 


(8-37) 


K, = 


Yi + Y f + Y a K t 
Yf K 


Solving for K, yields 


Yj 

Yf 


(8-38) 
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or, equivalently, 




1 

Y 1 +Y 0 l 

Y, K 



Z, _ 1 _ 

Zll_ l _ 7 Z\ Zg 1 

K ' Z,Z 0 K 


(8-39) 


(8-40) 


Some important results can be obtained from this expression. As an 
approximation, suppose that the grid impedance Z 0 » Z y . Equation 
(8-40) becomes 



Zf _ 1 

Zi 1 — i/a: — (Z f /Z l )(i/K) 


(8-41) 


For convenience, the quantity K' f is defined as the ratio 


Then 


Kf = 


Z f Yi 


1 


(8-42) 




i /k - k;/k 


(8-43) 


This expression shows that the resultant gain of the amplifier is slightly 
less than the quantity K' s defined in Eq. (8-42). Moreover, if it is 
assumed that the gain of the tube as defined in Eq. (8-35) is large, and this 
is generally true for a pentode, then Eq. (8-43) becomes approximately 

Kf = -K' (8-44) 

This means that as long as e g is negligibly small, the gain of the system 
is solely dependent on the ratio of the network impedances Zf/Z\\ that 
is, it is independent of the changing characteristics of the amplifier so 
long as K » 1 + Z,/Z x . 

Now combine Eqs. (8-44) and (8-36). The resulting expression is writ¬ 
ten in the form 

e 2 = —Z/Yiei (8-45) 

This expression is very important, as it contains an explanation to the 
name, operational amplifier , that has been applied to the circuit of 

Fig. 8-13. 

Reference to the development leading to Eq. (8-45) will show that at 
no time was there a requirement imposed that the potentials be sinus¬ 
oidal functions of time. Consequently the impedance functions that 
appear in the equations are functions of th 
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tor p ( = d/dt). I his is to say that the foregoing development has actu¬ 
ally been a manipulation of the controlling differential equation relating 
the output potential and the input potential. Equation (8-4.5) is the 
approximate form of this controlling differential equation. If one con¬ 
siders the factor Z,Y x to be an operator, then the basis for the name of 
the amplifier is clear. Of course, if the applied potential is sinusoidal, 
then p (= d/dt) is replaced by jco, Z,\\ is a function of j u , and e t and e\ 

become E 2 and E,, respectively. In this case Eq. (8-4,5) is the steady- 
state relationship 

E 2 = —Z/YiEi 

Equation (8-45) permits a very 
convenient approximate circuit to 
be drawn ot the operational ampli¬ 
fier. This approximate circuit is 
given in F ig. 8-14. The presence of 
the virtual ground in tlie diagram is 

to emphasize the fact that the change in potential on the grid e u is so small 

that, as a first approximation, it can be assumed to be zero. A second 

diagrammatic form for the operational amplifier which is frequently’ used 
is given in Fig. 8-15. 

A number of special applications of this circuit will be considered, and 
the corresponding, more detailed analyses of several of these applications 
will be carried out below. Among others, the direct adaptation of this 

circuit for integration is very 
important. 

a. Multiplication by a Constant. 

If the impedances Z s and Z! are 
equal resistances or, in fact, equal 
impedances of any form, then by 
Eq. (8-45) the output potential 
"ill be the negative of the input 
potential. For the case of equal 


In;. 8-1 1. An approximate equivalent cir¬ 
cuit of the operational amplifier of Fie 
8-13. 



+ 


Fig. 8-15. An alternate form of the opera¬ 
tional amplifier. 


resistances the result is the anode follower, which has already been'dis 

■ ,,,e ** -i- °p*»- 

Jlltr P fT- Z i 7 nd -u\ a V n0qU&l resistances - then the output 

onnosi e v ~ i 1 tlmes the in P ut potential e, and of 

than mit ^ \ ? * P ° Sitive mimber either greater or less 

than unity, the magnitude of the output potential can be made larger or 

smaller than the input potential. In practice the multiplication or 

divismn by a constant factor greater than about 20 should be avoided 
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b. Integrating Circuit. If the impedance elements in the circuit of 
ldg. 8-13 are chosen as shown in the accompanying diagram (Fig. 8-16), 
then Z i = R x and Z f is the operational expression Z f = 1 /Cjp, where 
p { — cl/(It) is the usual symbol for the time-derivative operator. Thus 
l/p denotes integration with respect to time. An application of Eq. 

I G p (8-45) requires that 

-A—__A AAA _ I / Jl 


virtual 

ground 


2 which is 


C2 RiC,p e ' 


I’io. 8-10. The operational integrating 
amplifier. 


e 2 = 


1 

RiC f 


Cl dt (8-46) 


. . . This shows that the output poten¬ 

tial is related to the integral of the input potential. 

f t/ 1 ! H( ^ al ^ cu ^ ai case * n n hieh the input potential is sinusoidal and 
ol the form 


then 


e i = E m sin a )t 


e '~ ~WiC f / Esin «* ^ cos oil 

if the constant of integration is chosen to be zero. With the constants 
of the circuit so chosen that 


R l C f = i 


then the output potential is 


e 2 - E m cos u)t = E m sin (o>/ -f go) 

hinntTf^r r, l ' PUt P° te " tial " hich ^ of the same amplitude as the 
yield the in 1 >y ° , S * n PhaSe ' Such circuits may be adjusted to 
Lit R ,V ^ ; h,tt w Wi | hin 10 ^ 1«*. Of course, if the 

, 1 7 7 (lllt( ‘ le,lt flom V", the amplitude will be different from 

Suppose that there is a small percentage of higher harmonics in the 

Ut su< h as noise. Owing to the appearance of a frequency fac¬ 

to. a. appropriate to the signal frequency that will nnnenr in the de.io.ni- 


tor ut lal - SU< ; h f as ;;° lSC - 0wi »g to the appearance of a frequency fac- 
Mtor of r/° , S ‘ gn frCquenc 'y that will appear in the denomi- 

V 1 he ea r,' m 111 the expression for e 2 , the higher-harmonic terms 

h souHo PrCn f rC m UCed m the ° ut P ut - Consequently noise or other 
h-f p nous ..goals will not seriously effect the output signal. 

The o tn . . mPUt POtUntial t0 Such an amplifier is a constant, 
the output is a linear function of time, since 


e 2 — 


( -E ) dt = 
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Actually, it will be found that the variation follows an exponential law 
the start of which is a linear function of time. The input and output 
waveforms will be somewhat as illustrated in I i«r. s_i 7 . 

Attention is called to the extensive use of integrating circuits for the 
production of saw-tooth waveforms for use as the sweep-deflection poten¬ 
tials 111 cathode-ray tubes. Chapter 15 contains a detailed discussion of 
many specific circuits for such applications, and this chapter might well 

e 't 
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—t 


E 
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W\\- 


Xt = f Zf-Rf 


* 


Fic;. 8-17. 1 he input and output poten 
an integrator. 


1 


virtual 

ground 


) 



< 11 . 


Fic. 8-18. The operational ditTerent iat ing 
amplifier. 


be referred to in reading the present section. Also, simple passive inte¬ 
grating circuits are extensively used as elements of clamping circuits (see 
Sec. 9-3). 

c. Differentiating Circuits. If the circuit elements are chosen as i 
trated in Fig. 8-18, then Eq. (8-45) becomes 


S- 


e, = -Citf/pe, = —C\Rf ~ 


<D\ 


dt (8-47; 

This expression shows that the output potential is the time derivative of 
the input potential. 

vS up pose that the input potential <?, is sinusoidal and of the form 

C\ = E„, sin lot 

The output potential will be 


°2 - (\RjloE„, COS (x't 

* If the circuit constants arc so chosen that CJt, = !/„, then the m j_ 

udes ot the input and output signals are equal. It would appear that 
the differentiating circuit may be used with the same ease as the inte¬ 
grating circuit. Actually this is not so, as will be explained 
Suppose that there is a small percentage of higher harmonics in the 
input signal. Owing to the appearance of a frequency factor „ appropri¬ 
ate to each component term in the input, the amplitude of the hi-dier- 
harnionic terms in the output will be appreciably amplified relative to 

thc input - As a result ' the differentiating 
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Because of this, it has been found advisable to avoid using the opera¬ 
tional amplifier as a differentiator. A simple passive differentiating net¬ 
work is often adequate for many applications and is extensively used, for 
example, in peaking circuits (see Sec. 9-2). 

8-4. The Integrating Circuit. The equations of Sec. 5-11 contain an 
exact analysis of the operational amplifier. The adaptation of this as a 

common integrating circuit is shown 
in Fig. 8-19. The general expres¬ 
sion for the output is given by Eq. 
(5-71). If the parameters are so 
chosen as indicated, and for the use 
of a pentode, then 

Z\ == R\ R g R\j Ri 

Zq = R 0 r p » R lf Ri 

Y f = Cp 

Fig. 8-19. A common integrating circuit. 

where, as before, p is the time-de¬ 
rivative operator. Equation (5-71) reduces to the approximate form 
shown, 



+ 




e 2 = 


Yi(Cp - g m ) 


(Yi + Cp)Y l + g m Cp 


ei 


(8-48) 


This expression may be written in the form 


Y 


C 2 = - 


• (” ~ ?) 


(ff m + 1 


r i) V 


+ 


YxY t 

C(Qm + Y1) _ 


Cl 


from which it follows that the output is related to the input potential by 
the operational expression 

(8-50) 


a P CL 

e 2 = A — ; —7 e 1 


V + b 


where 


a 


_ 0 


m 


C 


b = 


YiYi 


(Om + Y t )C 


A = 


Y 1 


g m + Yi 


(8-51) 


For the application of a step function of potential e\ =^E, the poten¬ 
tial €2 is obtained either by classical methods of solving differential equa¬ 
tions or by Laplace-transform methods. The result is 


e 2 = E b e-»' + (1 - e~ bl ) 


(8-52) 


This expression has the form illustrated in the accompanying dia- 


(8-49) jj 


r 






Sec. 8-4] ELECTRONIC COMPUTING CIRCUITS 261 

ach™v ( ed g th 8 en°Eo & Sma "’ “ COndition tha * « readily 

achieved, then Eq. (8-o2) reduces to the approximate expression 


eo - E b -f- (EAa — E b b)t 


~ u ' -1U. Ju b U)L (8-53) 

eff !°- ti - V A intern L al irn P edance of this circuit is Of some interest 
Equation (o-/o) may he approximated as 

Ytf = Y P + Y f X+ Y *+ Qm A _ __g m Y f 

Y '+ y 0+ Yf Y i + Y 0 + } 

or, more specifically, 


/ 


Correspondingly, 


Ytf(p) = 


9n,Cv 


^ i + Y 0 -f Cp 


tf 


^_±Y JL ±CV = 1 , Ei + Yg 

QnCp 9 m g m Cp 


(8-54) 


0 


E 




i 


A crrcuit that gives rise to an expression of this form is that illustrated in 
lig. 8 - 21 . Ihis circuit consists of a rela- A n 

lively low series resistance 1 /g m , which would 
ordinarily be of the order of several thousand 
ohms or less, and a capacitor, the value of 
which can be made very large. For example, 

suppose that the tube and circuit constants 
are the following: 

Qm — 5,000 X 10 ~ 6 mho 
C = 1 nf 

R\ = R 0 = 1 megohm Fig 8 ‘ 20 - The input and out- 

T . • , , . , put waveshapes from an inte- 

1 he equivalent circuit then becomes as shown gratmg arn Plifier. 
in big. 8-22. Such a circuit as this mnv ha 

since a ripple of almost any frequency that appears"f P ° t€ntlal stabilizer - 
nated in the output of this circuit owing to thp P , , E * " 0U d be ellmi ~ 

ing capacitance across the output. VGFy arge effectlve shunt- 




J/ 9 


m 


R lRg 






tf 


ff I ?i, 8 " 21Theeq,livalentinternalcircuit Fig S-99TK i- 

of the operational integrator. ' °" 22 ' , he equivalent internal circuit 

. . . °> a particular operational integrator. 

modir of * ppi r ,io " - 

tive output ..raoitac “X " ” * h » * h “ «» •**- 

^Wtltrlhat can b e a.ntroll.d b, an ‘ h ' * ub «' 
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8-6. Differentiating Circuit. The basic differentiating circuit is illus¬ 
trated in Fig. 8-23. This is substantially the circuit discussed in Sec. 
8-3, except for the presence of the series input resistance R. The respec- 


e i 



0 


Vl 




Fig. 8-23. A differentiating circuit. 



Fig. 8-24. The input and out¬ 
put waveshapes in a differ¬ 
entiating amplifier. 


tive impedance elements contained in Eq. (5-71) are chosen to be 


= ft + 


1 


Cp 


or 


1 


Y i = 4 


V 


ft V + a 

Z f = ft f 
Z 0 = ft a 


a = 


1 


RC 


iscd 6 reSU ^ S> su ^ ,ect to approximations possible when a pentode is 


c 2 = 


~ Y if/ 


m 


{Yl + r ' + r .)n+ W7+^T) 

- r,!7, 


ei 


m 


W ' + Y f ) + T7P7T"^7T7^; e. 

Q 


e 2 = — 


aR[Y f (Y, + g m )+ Yffi * 


This operational expression may be written in the form 


(8-55) 


e 2 = A 


V 


V -f 6 


ei 


(8-56) 


where 


A = 


-g 


m 


and 


6 = 4 


Yi+ Y ,+ R(Y] 7T+ Y,g m + Y„Y,) 
1 Y,Y, + Y g m + y,Y, 


C Y ‘ +^+RiY7V7+ Ithw 

1/c 


(8-57) 


r, + 
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The application of a step function tj to the input, as shown in Fig 8-^4 
yields the expected result illustrated, and specified by the expression 


— Eb -f- Ae~ bt 


(8-58 1 


. Refere ” ce 1S made to Sec. 8-3c, where it is indicated that it is generally 
inadvisable to use an operational amplifier as a differentiator owing to 
gam and phase-shift difficulties that may arise. 

-» l 1 . a , — A number of circuits 

have been described for performing a variety of different mathematical 

operations. This does not include all operations, and, in fact the verv 

important operations of multiplication and division, and a variety of 

others which may be obtained through the use of multipliers and dividers 

have not yet been considered. It appears desirable to examine the 

applicability of some of the foregoing circuits before proceeding with an 

examination of the additional class of circuits. It will be seen that the 

circuits already examined permit a variety of differential equations to be 
solved. 

Consider the differential equation of motion for a body traveling with 
an acceleration/(/), a function of ti me, 


dry 
dt 2 


= m 


(8-59) 


ihis differential equation includes a variety of different motions. Thus 

if /(/) is zero, the body moves with constant velocity If f(f\ ic o * 

stant, the body moves with constant acceleration. For f(t) a function 

of time, the acceleration varies according to some prescribed variation 
with time. 

Suppose that an analog computer is to be assembled to solve this 
equation, subject to the initial conditions that y = 0 at t = n I 

dy/dt = C ft/sec at t = 0. Also, f(t) will be set at -1.5 ft/sec 2 a' con 
stant deceleration. One form of computer for solving this differential 
equation is illustrated in Fig. S-25. 2 Four operational amplifiers are 
used, the function of each being indicated on the diagram The opera 

thTfoim C ° mPUter 1S b6St ullderstood when Eq. (8-59) is written in 

d 2 y 

dT- ~ W = 0 (8-60 ) 

inoutt ti UtPUt C ! f fi integra I i ; lg an ;p |lfier 2 - assumed to be y, then the 
npu to this amplifier must have been proportional to -dy/dt. In fact 

for the choice of R, and C, of this stage indicated, the product R.C, is 

umty, and according to Eq. (8-46) the proportionality factor is unity 
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In a similar manner, it follows that the input to the integrating ampli¬ 
fier 1 is d 2 y/dt\ since the multiplying factor has again been chosen to be 
unity. Note that this input function is the output of the summing 
amplifier. The function f(t) which is applied to the input of the sign- 
changmg amplifier (the anode-follower circuit) yields an output function 
f(t), since, for the choice of parameters, the gain of the amplifier is 
u mty- The summing amplifier serves to combine the two functions -f{t) 
and ddy/df 1 . Actually the first two stages are superfluous in this par¬ 
ticular case. They have been included to establish a basic circuit which, 

s?l _ ,S 2 


IMn 


tMn 


1ju.f 


IMn. 
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IMn 


-m 


IMn 

rVVW 

a v 


7/uf 


dt* 


IMn 


dt 


Sign changing Summing Integrator i 

Fig. 8-25. An analog computer for solving Eq. (8-59). 

by appropriate feedback connections, will solve more complicated equa¬ 
tions. In fact, such a modified circuit for solving Eq. (8-61) is given in 
Fig. 8-27. 

It is necessary to provide means for incorporating the initial condi- 4| 

tions into the solution. This is accomplished in the following way: 

. ® erve that the output potential y of the second integrating amplifier 

is, for practical purposes, the same as the potential across the feedback 

capacitor Cf of this amplifier. The output potential y can be made equal 

to zero by closing switch S 2 , which short-circuits the capacitor. 

imi course, the output potential — dy/dt from integrator 1 is 

su stantially the same as the potential across its feedback capacitor. 

capita initial potential, representing the initial velocity, can be 1 

a PP e y including the d-c supply E bbu in this case of 6 volts potential, \ 
and closing the switch Si. 

The acceleration function f{t) is given its proper value by applying a 

potential to the input of the sign-changing amplifier of the proper value, 

— 1.5 volts in this case. 

The solution of the problem is obtained by opening switches Si and 

. 2 s i mu lt an eously and observing the output potential y as a function of 

time. Of course, if it is desired to observe the velocity dy/dt. it is neces 
gg-ry only t 0 connect, t/ 
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fier and observe the output. The results obtained for the solution of 

this particular problem by Hagelbarger, Howe, and Howe are given in 
Fig. 8-26. 

Attention is called to the fact that if the initial conditions were to 
require such magnitudes of potential as to cause cutoff of any of the 
tubes or operation in the nonlinear range of the tube characteristics, 
appropriate scaling of the potentials would be necessary. 


n 



—■— — - _ _ 

Fig. 8-26. The solution of Eq. (8-59). (After Hanelbamer . „ 

Reprinted, by permission, from UMM-28, published by the Engineering^ 
Institute of the University of Michigan.) ® ln Q Research 

8-7. Differential Equations with One Independent Variable As 

second example of an analog computer for solving a differential equation 

with constant coefficients, this section will be concerned with the solo- 
tion of the equation 

d 2 y , dij 

+ ktj = f{t) (8-61) 

which represents the equation of motion of a mass m supported bv a 
spring with an elastic constant k, the system being subject to a viscous 
amping force c dy/dt, and where j(l) represents the driving function 

the iorm 8 C ° mPUter ^ the S ° luti ° n of which is written in 

d 2 v d/i/ 


m di/ +c dt 
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is shown in Fig. 8-27. Its operation is quite similar to the computer 
illustrated in Fig. 8-25. For this computer, the initial conditions are 
y — 0 and dy/dt = 0. If the initial conditions were other than zero, 
battery sources would be included in series with the switches Si and S 2f 
with magnitude and polarity determined by the analog scale and sign of- 
the initial conditions. 

In this computer, the summing amplifier has fed into it potentials 
which are proportional to y, dy/dt , d 2 y/dt 2 , and f(t). These potentials 
are fed through input resistances l/k, l/c, 1/m, and -1, respectively, to 
take care of the coefficients of the several terms of the equation. The 


-v-;-- '-v-' v -y-' v- y _ 

Sign changing Summing Integrator f Integrator 2 

Fig. 8-27. Analog computer for the solution of Eq. (8-62). 


sign-changing amplifier is required for the phase reversal of f(t) in the J 
equation. The solution of the problem is started by the simultaneous 
opening of the two switches and the application of the driving function 

/(/). As desired, ?/, dy/dt, or d 2 y/dt 2 may be observed as a function of 
f{t) at the appropriate terminals. 

The results obtained by Hagelbarger, Howe, and Howe for the case of 
m — 0.25, c = 0.25, and k = 1 and for steady-state operation at various 
frequencies of an applied sinusoidal waveform for f(t) are given in Fig. 
8-28. This necessitated applying a sinusoidal input potential and meas¬ 
uring the output potential after transients had disappeared. The results ^ 
shown were obtained from records of the amplitude and phase of the out¬ 
put potential for a known amplitude and phase of the input potential. 

The theoretical curve was obtained by direct evaluation of the steady- 
state solution of Eq. (8-G1). 

8-8. Multiplication. The foregoing sections of this chapter have been 
concerned with a study of a class of linear computing elements and the 
use of the operational amplifier in such applications. An equally impor - 
tant class of computing elements is of a nonlinear type: many of thes^^ 
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A variety of methods have been used to effect the multiplication of 

two or more potentials. The degree of precision of the operation and 

the speed of the operation depend on the method used and the charac- 
teristics of the elements of the circuit. 


a. 7 wo-potentiometer Multiplier. It is of some interest and importance 

otentiometer method for multiplication. Con- 
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sider two potentiometers to be connected as illustrated in Fig. 8-29. For 
convenience, it is assumed that potentiometer P2 does not load potenti¬ 
ometer PI. As shown in the diagram, the output from P2 is related to 
the product of the position of the slider on each potentiometer. Clearly, 
therefore, if a cam is cut of such a shape that when the cam is rotated it ■ 
moves the sliding contact of a linear rheostat to vary its resistance 
according to the desired function, then the circuit of Fig. 8-29 with two 
such cam-operated variable resistances will generate a specified product 
function. 

An alternative means for controlling the position of the slider on each 

potentiometer, and this method is 
more important than that which 
f 2 (i) requires the preparation of cams 
and its associated mechanical link¬ 
age, incorporates a small instru- ^ 
ment servo, the angular position of 

Fig. 8-29. A two-potcntiometcr multiplier. ^e output shaft, and SO of the 

potentiometer slider,, being con¬ 
trolled by the magnitude and sense of the applied potential. 

The two-potentiometer method produces satisfactory results in many 
instances, but there are definite limitations to its use. The accuracy 
can be no better than the linearity of the potentiometer, the precision 
of the cam or of the connecting link, or the precision of the servo, if one 
is used. Also, there is a definite limit to the ratio between the maximum 
and minimum resistances that can be obtained with accuracy. ^ 

In some instances cam-operated linear potentiometers are replaced by 
nonlinear potentiometers. Such non-linear potentipmeters are obtainable 
with a wide variety of resistance vs. rotation, e.g., sine, cosine, tan¬ 
gent, square root, logarithmic, etc., an accuracy of about 1 per cent being 
possible. 

b. R-F Carrier Systems. A variety of multiplying circuits have been 
used for years in radio-engineering applications, in the processes of mod¬ 
ulation and demodulation. It is the function of the modulator in an 
a-m system to effect the multiplication of the carrier potential and the 
modulating-signal potential to yield an amplitude-modulated carrier 
wave. Likewise, in the demodulating circuit, the modulated carrier 
wave is combined with the carrier wave to yield the modulating signal. 

In general, the outputs in each of these applications include a wide array 
of other multiplication products which arise because the tube character¬ 


5/ider 


position fj(t) Slider 



istic depends in a complicated way on the electrode potentials. The 
miscellaneous multiplication products which are not desired are usually 
suppressed by means of tuned circuits in the output, the resulting out- 






•i 




•V7*T« iird 
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these circuits lend themselves for use in computer applications, although 
function 611 re<1Ulre compllcated systems to extract the desired product 

Multiplication for computer applications has been achieved in a com- 
bmed f-m-a-m system.* Here an r-f carrier centered at is frequency- 
modulated, the frequency deviation being proportional to one of the 
multiplicands This f-m wave is then amplitude-modulated, the mod¬ 
ulating index being proportional to the second multiplicand g 2 The 
resulting carrier is applied to a phase discriminator from which can be 
extracted a potential which is proportional to the product e,e 2 . 

c Sampling Techniques. Pulse techniques* have been used to effect 
multiplication of two different potentials. One method which yields 





Fig. 8-30. Diagram of sweep-potential sampling multiplier. 

fairly accurate results provides a pulse, the height of which is propor¬ 
tional to the instantaneous value of one potential, the width of which is 
proportional to the instantaneous value of a second potential. The prod 
uct is obtained by integration techniques to yield the area under the" 
pulse. This method requires that the potentials to be multiplied be 
sampled at a relatively high rate, the rate being high enough compared 
with the normal variation times of the waveforms to be multiplied so 

that the sampled product curve is a good approximation to the normal 
instantaneous product of the two potentials. 

to A be m rn,ht d r f r! tipllCat r T d d r° n Which samples *e potentials 

r hod „ i„ big. 8-30. Two 

botlTe Tn XlmUm f J S ' VC T, are identical form and might 
both be linear, exponential, sinusoidal, etc. The amplitudes of the 

3L:r a t e t two ° f the muitipner inputs at the 

wTen ™ 2 U , t ^ * C ° mpared with one of the 

o th h . !u n SUCh a 7 ay that When the sweep potential is equal 
to the third input, the second sweep potential is sampled. The value of 

the potentm l at this instant is proportional to the product of two t pu t 

I Inn rrl n o _1 _ <i i • ^ 


ram. 
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The accuracy possible with both general sampling techniques is high, 
although complicated circuits are required to effect the desired operations. 

d. Nonlinear Tube Characteristics. Several systems of multiplication 
have been devised which depend upon the availability of tubes which 
possess prescribed tube characteristics. 

In principle, at least, a simple multiplier would be possible in which 
the input signals are converted into logarithmic form, the resultant poten¬ 
tials then being added, the sum being passed through an antilog circuit, 
thereby yielding the desired quantity. The elements of such a system 



keje 2 


I’iG. 8-31. The elements of a logarithmic multiplier. 


are shown in the block diagram of Tig. 8-31. Such a system may actu¬ 
ally be constructed, since the output characteristics of a supercontrol 
tube, such as the (>SK7, is a logarithmic function of the input signal, over 
a substantial range of input potential. Also, an antilog circuit has been 
devised. 6 However, since the logarithmic function is not defined for 

negative values of the argument, the logarithmic multiplier is restricted 
in its applicability to a single quadrant. 

Simple multiplication without the introduction of undesired terms 
would theoretically be possible in a multigrid tube, if the application of 
a potential on one grid controlled the gain so that it was directly pro¬ 
portional to that potential, while the signal output depended directly on 
the potential applied to a second grid. This is really the tube counter¬ 
part of the two-potentiometer multiplier. For the system envisaged, the 
gam of the amplifier K is assumed proportional to a potential e 3 , so that 


1 


K = me ^ 

Also, the output potential e 0 is assumed directly proportional to the input 
signal e x according to the relation 


Co = Ke i 

Then the application of the two signals e x and e 3 simultaneously will 
yield an output 

(8-63) 


eo = me x e 3 


Some tubes possess characteristics which closely approximate the 
requiiements herein imposed and so may be used for multiplication pur- 


S 
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6L7 pentagrid tube as a function of the potential applied to grid 3. It 
will be noted that g rn is a linear function of the applied potential over a 
wide range of potential variation. Equation (8-63J is satisfied over this 
linear range of tube characteristic. 

Another method for multiplying two quantities makes use of what has 
been called the “quarter-square” method. This depends on the fact 




Fig. 8-32. The connections and g m of a 6L7 tube for use in a multiplying circuit 



Fig. 8-33. The “quarter-square” method of performing the multiplication of two 
* quantities. 

that the product of two quantities may be expressed by an equation of 
the form 

_ . _ (ci + e-iY (ei — e 2 ) 2 

- 4 4 -- (8-04) 


Consequently multiplication is reduced to the basic requirement for a 

squaring system. In general, however, this is not particularly easier 
than direct multiplication. 

A block diagram which shows the elements required for a quarter- 
square multiplier is given in Fig. 8-33. The required squaring circuit 
that is necessary for the operation of the system illustrated may be the 
arcuit of Fig. 8-32 with the two input leads connected together, since 
with the same input potential to each terminal, the output potential will 

be proportional to the square of the input potential. An alternate cir- 
cuit for squaring is discussed in the next section. 

The details of two systems which operate on this principle are readily 

rn i 1 /\ L 1 — 7 
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8-9. Squaring Circuits. A squaring circuit is one in which the output 
potential is proportional to the square of the input potential. A circuit 
which makes use of the curvature of the tube characteristics of two tubes 
to accomplish this squaring operation is given by the schematic diagram 
of big. 8-34. It will be observed that this circuit consists of a single 



Fig. 8-34. A squaring ampli6er. 


tube paraphase amplifier (refer to 
Sec. 5-4 for a detailed discussion of 
+ this circuit) which provides two 
signals that differ in phase by 180 
deg. These signals are applied to 
the grids of two amplifier stages 
which are so connected that the 
odd-harmonic terms cancel in the 
output. This stage should be com- 


vc . pared with a normal push-pull am- ^ 

plifier in which the even-harmonic terms are canceled in the output. As 

a result of this connection the odd harmonics cancel and, the even-har¬ 
monic terms become the important ones in the output. 

It is assumed that the plate current in tube T 1 may be represented by 
a series of the form 


ip\ = a x e 0 i + a 2 e 2 gl -j- a 3 e z 0l + • • • (8-65) 

Likewise, the plate current in tube T2 will then be given by the series 

ipt = a,(-e 0l ) + a 2 (-e sl ) 2 + a^-e^y + ■ • • (8-66) 

The total plate current f 

ip — i p i T - i p 2 (8-67) 

becomes 

i P = 2a 2 e 2 0l (8-68) 

if it is assumed that the first three terms of the series representation ade¬ 
quate y represent the relation between the input potential and output 
current. The output potential is then of the form 


e o = ipRi = 2a 2 R l ej 1 (8-69) 

An explicit expression for the amplitude factor a 2 appearing in this 4 
equation is possible in terms of the tube characteristics. If use is made j 
of the Taylor expansion of the current in terms of the grid potential, viz., 


7* = n O _I_ A U y m _ 9 , -1 

p Qmeo + 2\^: e ° + 


1 dg m 2 ( 1^ d 2 g m 


3! del 


(8-70) 


then clearly the coefficient a 2 is related to dg m /de a and the output poten 
tial is given by the form 


8-71 
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But since the gain of the paraphase amplifier is approximately unity 
[see Eq. (5-43)], then finally 

«• * If ei (8-72) 

This expression shows that, for the output to be proportional to the 
square of the input potential, it is essential that the coefficient dg m /de a 
remain constant over the range of operation of the tube. This condition 
requires that the composite characteristic of the amplifier must be of the 
square-law type. 

A number of tubes have been examined in order to ascertain which yield 
satisfactory characteristics for such squaring operations. It has been 
found that the 6B8 and the 6SK7 tubes are satisfactory when grid-driven 
and the 6U7G and the 6D6 are quite satisfactory when screen-driven. 

8-10. Difference of Squares. It is possible to combine several of the 
foregoing circuits to yield a number of circuits for performing other 



Squaring 

ccej 

Difference 

( «*/ 

Squaring 

circuit 

« e * 


circuit 


amplifier 




Output =k (e*- e 2 2 ) 

Fig. 8-35. Circuit for obtaining the difference of squares. 

mathematical operations. For example, the combination of two squaring 
circuits and a difference amplifier, according to the block diagram of 
Fig. 8-35, will yield an output that is the difference of the squares of the 
input signals. This circuit is a simple combination of the basic circuits 
that are required to perform the separated indicated operations. 

8-11. Square-root Circuit. A block diagram showing the elements for 
yielding the square root of a given potential is illustrated in Fig. 8-36 





Fig. 8-36. A square-root circuit. 

The input to the circuit is e h which is applied to one input of a difference 
amplifier of the type illustrated in Fig. 8-3. Likewise, it is supposed that 
a potential e 2 appears at the input of a squaring circuit, the output of 
which is applied to the second input to the difference amplifier. The out- 
S£^L^ifference_amplifier, which is the input to a simple amplifier 
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of gam K 2 , is then K x {ae\ - e{). But the output from the amplifier is 
actually the source of the potential e 2 which appears at the input to the 
squaring circuit. This requires, therefore, that 

KiK 2 {ae\ — 61 ) = e<i 


But for large amplifier gain K 2 , 


e 2 


K X K 2 


= 0 


which requires therefore that 


ae\ — e x = 0 


It follows from this that the output potential e 2 is then related to the 
input potential by the relation 


e 2 



(8-73) 


8-12. Division. A block diagram showing the elements of a circuit for 
yielding an output which is proportional to the ratio of two given poten- 
iab is given in Fig. 8-37. In this circuit the two input potentials are 
ci and e 2 , one of which is applied to the difference amplifier, the second 


ei 


Difference 

amplifier 



Mu!tjp lying 
circuit 



A (e 1 -ke 2 e 3 ) 


1 


ffAfej-k e 2 e 3 ) 


Output 


e 3 




— -J 

Fio. 8-37. A circuit that divides two potentials. 


t0 a mu . ltip,ying circuit An examination of the cir- 

and also fn l PUt " the am P lifier - which provides the output 

and also furnishes one input to the multiplying circuit, is 


. e 3 — KA(ei — ke 2 e 3 ) 

If the amplifier provides a high gain, then it follows that 


e 3 


from which, therefore, 


KA 


= 0 


or finally 


e i — ke 2 e 3 = 0 


_ ij e i 


e 3 = k' ^ 
e 2 


(8-74) 


Attention is called to the sampling technique discussed in Sec . 


A _ 1 _ 1 
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PROBLEMS 


8-1. Derive Eq. (8-32) for the common plate summing chain. 

8-2. Determine the transfer functions which specify the character of the 

> mathematical operation performed by each of the operational amplifiers shown 
in the figure. 
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8-3. Sketch an analog computer in the manner of Fig. 8-25 which will solve the 
differential equation 


dy_ 

dx 


+ oLy = 0 


-4 

8-4. Sketch an analog computer in the manner of Fig. 8-25 which will solve the 
differential equation 


d 2 y 

*? + *’» = 0 


The analog computer 2 for a simple servomechanism is illustrated. Deduce 
the differential equation of which this is the computer analog. 


i—ww 



% 

8-6. The analog computer 2 for determining the motion of a particular airplane 
for which the airplane has an angle of pitch 6 for a change of elevator angle 
5 is illustrated. Observe that this is somewhat like the computer in Prob. 8-5 


2.045 



except for the appearance of two functions of the input excitation within the 
system. Deduce the differential equation of which this is the p.nmpnter analogy 
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8-7. Deduce the differential equation which is solved by the computer* shown 
in the accompanying figure. 



8-8. The normal mode of oscillation of a beam with free ends has been shown 
to be expressed by an equation of the form 2 

y(x,t) = X(.r)e iXl 

where X(x) is the solution of a differential equation of the form 



An analog-computer circuit for the solution of this equation is suggested in the 
diagram. Verify that this computer solves the equation shown. 



8-9. An analog computer 2 for solving the Bessel equation 



which involves the use of time-varying changes of resistance to produce the 


• • 
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8-13. Analyze the integrating circuits shown in the figures for this problem. 



8-14. Analyze the integrating eir< it in the diagram. 



8-16. Show that in the indicated network the output potential is related to the 
input potential by the equation 



8-17. Show that in the circuit shown the output potential is related to the 
input potential by the expression 

e 2 = e, + RlC^ + LC^ 

dt dt* 
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8-18. Deduce the differential equation which is solved by the computer given 
in the accompanying figure. 



8-19. Determine the differential equation that is solved by the computer 
sketched. 



8-20. Show that the output of the circuit e 3 in the diagram is proportional to the 
ratio 62 /^ 1 . 




8 -21. What equation does the computer in the figure solve? 


Oufput y 
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8-22. What equation does the computer in the diagram solve? 


x 



8-23. Sketch block diagrams of computers that will solve the following equa- 


tions: 


a. 

*1 + 2*2 = y 

b. 

2*1 + *i = y 

c. 

■ 2: 2 

2 - 1*2 H— = y 


* 




CHAPTER 9 

SPECIAL ELECTRONIC CIRCUITS 


\ wide variety of special electronic circuits have been devised. Among 

those to be studied in this chapter are limiting and clipping amplifiers, 
peaking circuits, and clamping circuits. 

9 -l. Limiting and Clipping Amplifiers. In addition to the various 
amplifiers that are intended to reproduce a given waveform with a mini¬ 
mum of distortion there are other forms of circuits which are designed 
to altei the waveshape oi an input wave in some predetermined manner. 





\ 


/ 


Fig. 9-1. A scries diode used to limit negative signals. 

Limiting or clipping circuits are designed to remove by electronic means 
one or the other extremity of an input wave. 

A hmiter is used when it is desired to square ofT the extremities of an A 
app ie signal. Foi example, it may be used as one stage in a chain 
° 1 0) a substantially rectangular waveform from a sine-wave sig- 
na . imitei may also be used to eliminate either the positive or the 
negative portion of a wave. Such circuits also find application in f-m 
recen ers to limit to a constant value the amplitude of the signal that 

ChapP 19 ^ 1G ^ e * ec ^ on system. This application is discussed in 

t anc * dipping may be accomplished by the use of diodes, 

no es, or multielectrode tubes. For triodes and multielectrode tubes, 4 

? may be accomplished either in the grid or in the plate cir- 

cm s. e general features of a number of such limiting circuits will be 
examined below. 

. ^ Series-diode Limiting. The circuit of the series-diode limiter is given 
in lg. -1. It will be observed that this circuit is precisely that of a 
10 c as used in a rectifier circuit. Since the tube conducts only when 
the plate is at a positive potential with respect to the cathode, then only 
t e positive portion of the applied wave will pass through the tu 
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negative portion of the wave being eliminated. By neglecting the rela¬ 
tively small drop across the tube during conduction, the output wave 
form is simply the positive portion of the applied waveform If the 
diode connections are reversed, then the positive portion of the wave 

will be eliminated and only the negative portion of the wave will pass 
through to the output. 

The series-diode circuit possesses the feature that it tends to isolate 
the driving circuit from the output circuit and thus prevents feedback 
b Shunt-diode Limiting. A diode may be connected in shunt across 
the load for limiting action. In such cases, the diode mav be looked 
upon as an infinite impedance for polarities opposite to that liecessarv for 
conduction and as a virtual short circuit for the polaritv in the conducting 

1 tS 


+ e r 




I k». 9-2. A shunt-diode positive-limiting circuit. 

direction. The diode is then acting as a switch which will short-circuit a 

given load for a certain polarity and amplitude of the applied potential 

The connections of a shunt diode for limiting the positive signals at 

approximately ground potential are shown in Fig. 9-2. With the cathode 

maintained at ground potential, the diode conducts throughout the entire 

positive half cycle. During the portion of the cycle when the diode is 

conducting, the current passes through the series resistor R. With It 

large compared with the drop across the tube, practically the entire input 

potential is developed across R, and the output potential is only the sn ail 

drop across the diode. On the negative portion of the input voltage the 

diode does not conduct, and the potential that appears across the output 

is then determined by the resistance R and the resistance of the load 

If the connections to the diode are reversed, with the anode held at 

ground potential, the tube will conduct only when the input potential is 

negative with respect to ground. As a result, the negative potential will 

appear across the series resistance, except for the small tube drop which 
may ordinarily be neglected. 

An input potential can be limited to any desired positive or negative 
value by maintaining the proper diode electrode at the desired potential 
two circuits for limiting about a desired potential are shown in FD O-.s’ 
In the circuit of F,g 9-3a for positive limiting, it is observed that the 
cathode is maintained at a fixed potential E above the input. As a 
result, the diode does not conduct until the positive potential on the 
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The input potential during the conducting portion of the cycle appears 
across the series resistance R. 

The operation of the circuit of Fig. 9-36 is essentially like that of Fig. 
9-3a except that conduction of the diode occurs when the cathode falls 
below the value —E. The input portion of the potential during conduc- 
tion appears across the resistance R. 



Fig. 9-3. Positive and negative limiting above and below ground. 


c. Series-Shunt Limiting. The effectiveness of the limiting possible 
with both the series-diode and the shunt-diode limiters is dependent on 
the diode possessing a very high resistance when it does not conduct and 
a very low resistance when it does conduct. Vacuum-tube diodes possess 
these general properties and operate quite satisfactorily in one or the 
other limiting circuits. Crystal diodes usually possess poor back resist- I 
ances, and often the series and shunt limiting circuits are combined into A\ 


+ 


M (b) 

9-4 f)° u ble-diode limiters for removing (a) all positive potentials, ( b ) all negative 




a single circuit in order to improve the limiting. Figure 9-4 illustrates 
the double-diode series-shunt circuit. 

d. Double-diode Limiting. It is possible to limit both amplitude 
extremities of a waveform at any desired levels by placing two diodes 
in the circuit, one of which acts to limit the positive peaks, and the other 
of which acts to limit the negative peaks. The circuit for such double¬ 
diode operation is given in Fig. 9-5. In this circuit, diode Ti conducts 
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Diode T2 conducts when the input potential falls below the negative 
bias potential —E 2 . 

c. Gi id-circuit Limiting. Limiting in the grid circuit of a triode. tet¬ 
rode, or pentode is possible in exactly the same way as in the plate-cath- 
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Fig. 9-5. Double-diode limiting circuit. 
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Fig. 9-7. Grid-circuit limiting about a fixed potential level. 

ode circuit of the diode circuit of Fig. 9-2. The series resistance R in 

the grid line is large compared with the grid-cathode resistance during 

grid conduction, ilns resistance is essentially the diode resistance of 

the grid during the period when it is drawing current. The circuit is 
given in Fig. 9-6. 

If a bias potential is used, as in Fig. 9-7, t 

limiting occurs about the bias level, pre- | 

cisely in the manner of the circuit of Fig. - 

9-3a. It is possible to use self-bias instead - T—wm— h““" ) 

of fixed bias for setting the potential level > , 

about which the positive portion of the > 1 

wave is limited. The basic circuit of such - * -*_ T T _ 

a limiter is given in Fig. 9-8. Fig - 9-8. A self-biased grid-circuit 

/. Saturation Limiting. Limiting action llmiter - 
may alsoTe effected in the plate circuit of a pentode ampifiler by employ¬ 
ing a large load resistance in conjunction with a low value of plate poten¬ 
tial. buch limiting action arises from the peculiar characteristics of 

ils which — - 1 


Fig. 9-8. A self-biased grid-circuit 
limiter. 
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the knee of the plate characteristic. The plate current becomes inde¬ 
pendent of the amplitude of the grid potential over wide ranges. Figure 
9-9 shows a typical plate characteristic. For the small values of Eu, the 
current remains I b for any value of e c more positive than about -4 volts. 

To optimize the sensitivity as well as the performance as a limiter, a 
shaip-cutoff pentode is used with low screen potential and extremely low 

plate potential. Under these conditions the tube is driven to cutoff with 
1 or 2 volts of grid drive. 



g. Cutoff Limiting. If a tube is operated in the class B region by so 
setting the bias that the current, in the tube is nominally near cutoff, then 
the application of a sine-wave grid signal will give rise to an output cur¬ 
rent that possesses features not unlike the current from a diode rectifier, 
this results from the fact that a small negative potential will drive the 
tube beyond cutoff and that no current will flow for any potential below 
this value. The operation is made evident by an examination of the 
dynamic characteristic of the tube as illustrated in Fig. 9-10. 

h. Combination of Limiting Actions. A combination of grid limiting 
and cutoff limiting may be employed in an amplifier to produce a sub¬ 
stantially square wave from a sine wave or other comparable waveshape. 
The action is illustrated in Fig. 9-11. During the positive portion of the 
swing, the grid-circuit limiting is effective; the plate current reaches its 
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gering pulse initiate the operation of some portion of the total circuit in the 
proper order. As a rule these triggering pulses should be of short dura¬ 
tion and should have an extremely sharp leading edge. Such pulses can 
be generated in specially designed pulse-forming circuits, and a number 
of these will be examined in Chap. 14. It is also possible to produce 
them in a peaking circuit. Such a circuit is capable of distorting an 
input signal wave in such a way as to produce an output waveform in 
which the time duration is shortened and in which the leading edge is 
made as nearly vertical as possible. 





Fig. 9-13. Several differentiating and integrating networks. 



The choice of peaking circuit used will depend primarily upon the input 
waveshape. One of the common methods is to use sufficient limiting and 
amplification so that a substantially rectangular wave is available and 
then apply this square wave to an RC differentiating circuit. A number 
of such differentiating circuits exist, the feedback operational differentia¬ 
tor having been examined in some detail in Chap. 8. The requirements 
imposed by this application are not very stringent in general, and simple 
forms of so-called passive differentiating networks may be used. 

The forms of circuit in common use for differentiation and integration 
aie shown in Fig. 9-13. In the RC network, the instantaneous behavior- 
for an applied potential e is governed by the equations 





The corresponding equations for the LR circuits are i 


T at L deR 

eL = L dt = RTt 


e R = iR 



e L dt 


(9-2) 


— 

But the sum of the potentials appearing across the capacitance and the 
resistance in series must be equal, at every instant, to the applied 
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equal to the applied potential. It therefore follows that (1) e c is approxi¬ 
mately proportional to the time integral of the applied potential when 
t c cr is small and (2) e R is approximately proportional to the time deriva¬ 
tive of the applied potential when e R /e c is small. 



Fig. 9-14. The exponential characteristics of the transient solutions of Eos 
(9-3 b). ' *' 


(9-3a) and 


If a perfect differentiating and integrating network were used, then the 
output potential could be specified directly. Thus the data of the accom- 
panying table follow. 


Input 

Differentiation 

Integration 

Square. 

Saw-tooth. 

Vertical lines above and below b: 
Horizontal line on one side of bast 
on other side of base line 

Square wave 

iso line 
‘ lint 1 ; spike 

Triangular 

Parabolic 

Parabolic half cycles 

Triangular. 


The behavior of the circuits for an applied d-c potential e l = E is 
governed, respectively, by the equations 


a. For RC Circuit 


E 


i = 


R 


? e -t/RC 


Cr = E 0 C~ t/RC 

e c = E 0 (l - e~ t/RC ) 

e = Cr + C C 


(9-3 a) 
(9-4a) 


b. For RL Circuit 

i = ^ (1 - e~ Rt/L ) 
c L = E 0 e~ Rt/L 

Cr = E o(I - e~ R,/L ) 

e = cl + e R 


(9-3 6) 
(9-46) 


A plot of the general characteristics of these equations is given in Fig 9 14 
Equations (9-3a) are obtained by imposing the physical condition that 
m the RC circuit the current through a capacitor may change instanta¬ 
neously, but the potential across it cannot change suddenly. The latter 
requirement arises from the fact that for an instantaneous change in 
potential across a capacitor the current source must be infinite, accord¬ 
ing to the relation i c = C de c /dt, a condition that cannot be Achieved 
with any physical syste m. This means that a capacitor acts like a short 
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Similarly in Eqs. (9-3 b) for the RL circuit, the physical condition 
that the current cannot change instantaneously has been imposed. This 
arises irom the relation e L = L di L /dt, which, for instantaneous current 
changes, requires an infinite potential source, an impossible physical situ¬ 
ation. However, an instantaneous change in potential may exist across 
the inductor. 

If a recurring square wave is applied to the RC circuit, instead of a 
d-c potential, the potential across each element of the circuit will begin 
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Fig. 9-15 The potential across the capacitor in a simple RC network as a function of 
lime, with /// 0 as a parameter. 


to inti case with the application of the potential. The increase proceeds 
exponentially with the time constant of the circuit. When the applied 
potential reverses, the circuit potentials also reverse. Curves showing 
the character of the increase, with the ratio f/f 0 as a parameter, where/ 
is the frequency of the applied square wave and is / = \/T, where T is 
the period of the applied square wave, and where/ 0 = 1/2? tRC is the 
quantity defined by the time constant of the circuit, are given in Fig. 
9-lo. Those curves are essentially a plot of the function 

cc = E 0 (l - e~ ,/RC ) 


or 


c c 


E 


= 1 — e —2 w (/ 0 / f)(t/T) 


(9-5) 


h or example, if the quantity / 0 of the circuit is 3,000 ops and a 1 , 000 -cps 
square wave is applied, f/f 0 is and the capacitor potential will rise in 
accoi dance with the curve marked and will reach 90 per cent of its 
full value in about 0.13 cycle. 

-To obtain the complete response] for a given applied square wave, a 


4 


! 
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the form for e c . The set of curves for e* is obtained from the known 
forms of ci and c c , nnce c« = c, - c c . The results have the form illus¬ 
trated in Fig. 9-16. A complete analysis for the case when an unsvm- 
metrical pulse is impressed on the circuit is given in Sec. 9-4. 

Theoretically it is of no consequence whether (he circuit is composed 
of inductance and resistance or resistance and capacitance. Apart from 



Vic,. 0-10 The potential forms r c and r, for an applied square wave on a differentiation 
circuit, \vith///o as parameter. 'oiniiauon 
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vwv 



V/Ar 


r v/ r 
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Ion. 0-17. Differentiation circuits with similar response characteristics 

the higher cost it is ordinarily not advisable to use an inductive differ¬ 
entiation e,rem if it ran be avoided because the effective resistance of 

"tilts y rJr%T l Vr ClUU . ,ge ,he output character of the 

* , A ? diflerentialmg circuit is used, the series capaci¬ 

tance should be huge compared with any distributed capacitances that 
may exist in the circuit In particular, if ,be output of such a differen¬ 
tia mg circuit is to feed the grid of a tube, the series capacitance should 
be large compared with the input capacitance of the tube; otherwise the 
time constant may be appreciably altered by an indefinite amount ’ 

A. number of circuits exist which give transient-response curves that 
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’ ---- --- i — 

Fig. 9-18. Integjating circuits with similar response characteristics 



Fig. 9-19. A typical application of an 7?C differentiator as a peaker circuit. 

of Fig. 9-17 give transient-response curves similar to those represented 
by Eqs. (9-3a), and the circuits of Fig. 9-18 give results similar to those 
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Fig. 9-20 The waveshapes at several 
points in the circuit of Fig. 9-19. 


of Eqs. (9-3 b). 

The circuit of Fig. 9-19 illustrates 
a practical application of an RC dif¬ 
ferentiator as a peaker circuit. The 
general character of the waveshapes 
at several points in the circuit is illus¬ 
trated in Fig. 9-20. Care must be 
exercised in analyzing the operation 
of such a circuit to avoid error, since 
the grids of 7T and T2 ma} r be sub¬ 
ject to extremes of excitation, to cause 
either grid conduction or plate cut¬ 
off. It is to be noted that the grid- 
cathode resistance r c , when the grid 
is conducting, is low and is of the 


4 


- — ^ W V « ■ > 0 y v “ — r — 

oi er o 1,000 ohms. When a tube is conducting, the average tube resist¬ 
ance (beam resistance r b , given as the ratio e b /i b ) is low. When the tube 
is cut off, the grid-cathode resistance may be taken as infinite; and the 
beam resistance is also infinite. Thus for the circuit of Fig. 9-19, the 
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1 




Qz 


h 

-I_ 


R 


cqimalent ciicuit of the differentiator portion of the* circuit during the 
time that 1 1 is cut oil has the form shown m fig. 0-21. I he* equivalent 
circuit during the time that T\ is con¬ 
ducting is shown in Fig. 9-22. 

9-3. D-C Restoration and Clamp¬ 
ing. Suppose that an unsvmmetrival 
waveform is passed t hrough a capacitor 
or a transformer. Tlie average ordi¬ 
nate of the output waveform must as¬ 
sume* a zero potent ini, since neit her t he 
capacitor nor the transformer will pass 
a d-c current. If the input waveform 
did contain a d-c component, this component would lx* lost in its passage 
through either of these elements. 

Examples of waveforms which must remain unsymmetrical are readily 
found. Two examples are the saw-tooth potential for use with an elec¬ 
trostatic cathode-ray tube and the saw-tooth current for use with an elec¬ 
tromagnetic cathode-rav tube. In both cases, the appropriate waveform 
is used to deflect the cathode-ray beam according to a known func¬ 
tion of time, and, in many applications, a linear function of time is 
sought. The effect of removing the d-c component from the saw-tooth 
potential or from the saw-tooth current is to displace the trace of the 


Uni. 9-22. The equivalent circuit of 
lig. 9-19 during the time that T\ is 
eomlii'-t imr. 



• . ■ • « _ # saw-tooth potential after 

passing through an element without a conductive path. 

beam on the face of the cathode-ray tube. The effect on the waveform 
when the d-c component is removed is illustrated in Fig. 9-23 

. It is possible to return the trace on the face of the cathode-ray tube 
to its desired position after passage through a capacitor or transformer 
by applying a bias potential which is equal to the average ordinate dis¬ 
placement. This is equivalent to restoring to the wave the d-c compo¬ 
nent which was eliminated. This method, referred to as d-c restoration 
is acceptable if an invariable waveform is employed. If some dimen¬ 
sion of the wave is changed, such as its amplitude or the duration of the 
potential rise, the average value will change and the amount of d-c resto- 
ration that is required will be different. 

An example of the situation here being discussed is to be found in 
rada r equipment, the indicating system of which may permit four dif- 

_~U a ! 1 __ jr_ rr 

To 
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have the trace on the cathode-ray tube start at a fixed point on the 
screen, irrespective of the range scale being used, will require the switch¬ 
ing of four different potentials which have been carefully adjusted for the 
range scale being used. Such systems have been used satisfactorily, but 
have been generally supplanted by electronic circuits. 

Simple electronic circuits exist which will hold either amplitude extreme 
of a waveform to a given level of potential. Such circuits are known as 
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Fig. 9-24. A potential variation with respect to a definite reference potential. 

keyed restorer , or clamping, circuits and are divided into two classes, con¬ 
tinuously acting and synchronized clamps. 

acting diode and grid clamping circuits clamp either 
amplitude extreme once each cycle and allow the waveform to extend in 
only one direction from the reference potential. Figure 9-24 illustrates 
the effect ol such clamps. One type of synchronized clamp maintains the 
output potential at a fixed invariable level until a synchronizing pulse is 
applied, when the output potential is allowed to follow the input. At 
the end of the synchronizing pulse, the output potential is returned 

immediate^ to the reference level. 
The general action is illustrated in 
Fig. 9-25. In a type of synchro¬ 
nized clamp that is extensively used 
in television receivers, the output 
potential is reset during the s> r n- 
chronizing period to a fixed reference level, and the clamp is then opened to 
allow the output to follow the input for a fixed period of time before the 
level is again reset. 

9-4. Rectangular-waveform Analysis. The discussion in Sec. 9-3 

indicates that, upon passing a periodic waveform through a capacitor, 
the d-c component of potential will be lost in the output. It is of some 
interest to examine the process analytically, since the transient character 
of the response of an RC network to a rectangular waveform is important 
in this and in subsequent work. 

Suppose that the applied potential to the network of Fig. 9-26a has 
the form illustrated in Fig. 9-2G6. The network might be the equivalent 
circuit of an f?C-coupled amplifier or any comparable type of circuit. It 
is desired to examine the form of the output potential eo, subject to the 
condition that the capacitor C is initially uncharged. 


Reference 
potential 

\ _ 

Fig. 9-25. A synchronized clamp that 
introduces a d-c reference level 
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the potential e 2 is zero in the range 0 < l < 7',. At the time t = (7', + ), 

the applied potential changes instantaneously to K. Since the capacitor 

Potential cannot change instantaneously, the lull potential E divides 
between Tfj and It*. Then at t = (7’, + ) 


c * (r,+) - wt-a: * - •* 


(9-0 


where m - R 2 l(Ri + R«). In the time interval (7'i-f) < / < (7’.. — ), 




(a) Equivalent circuit 


0 Tj 


t 2 t 3 t 4 t 5 t 0 





T n-1 T n T ntl T n .. 


e 2 fT n-E) ' e 2 (T n .f) 


Impressed 

potential 

waveform 


fc) Output 

poten tial 
waveform 




^ \ ^ *. — a ± 

e 2 (T/) e 2 /T 3 -} e 2 ( T n-l~) c 2^ T n*) l e 2( T n*2) 

bio. 9-26. Response of a simple circuit to rectangular pulses. 

the capacitor begins to charge, and the potential e,(l) varies according to 
the exponential relation 


e-2 (t) — ?nEe~ ( - l ~ r ot(.tii+Ri)c 


which may be written as 


e 2 (t) = mEe~^~ T ^ r 


— \ / -— v 

where 

’■ = («!+ R 2 )C 

At the time t = (T 2 -\~), just after the pulse terminates, 


(9-7) 


(9-8) 

(9-9) 
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which becomes, by Eq. (9-6), 

62 (^ 2 +) = e 2 (7 , 2 —) — ei(Ti+) (9-11) 

During the time interval ( 7*2 + ) < t < (jP 3 —), e>(/) decays exponentially 
according to the simple decay law 


e 2 (0 = e2(7 1 2 + )e-( f -r l )/r 


(9-12) 


At the time t = (T 3 —), 


e 2 (T 3 —) — £ 2 ( 7*2 T")e (2 " 3 r s )/r 


(9-13) 


At the time t — (7*8-1-), the impressed potential increases by E, and so 


£ 2 ( 7 * 3 -f-) — c 2 (T , 3 —) -j- raE 


(9-14) 


Now extend the sequence to the nth interval, with n even. The poten- 

1 * <1 1 1 . 1 . « • . 


- / 

tials in the neighborhood of the nth interval are: 


At t 
At t 
At t 
At t 
At t 


(T,,-): 
(T„+): 
(T n +i — ) 

(r-+i+) 

(?V 2-) 


S'z(T n —) 

e 2 {T„ +) 

et(7Vi-) 

e2(7’ n+ i+) 
e2(jf 1 n+2 — ) 


e2(7'„-i + )e r n _i)/T 

e-z(T n -) - mE 

Ci(T n +)e-<- T **'- T " )/r 

e(T n + 1 ~) + mE 

e2(T'n+i+)e -<r "-* ! ~ 7 '"+ l)/ '' 


(9-15) 

(9-16) 

(9-17) 

(9-18) 

(9-19) 


These expressions allow the output waveform to be deduced for any time 
subsequent to closing the switch and may be sketched quickly. 

The special case of recurrent identical waveform is often of particular , 
interest. Now we may write jil 

T n - T„-i = T a 

T n+l — T n = To 


( 9 - 20 ) 


Equations (9-15) to (9-19) may be combined for this case, as follows: 


(9-21) 


e 2 (?V s -) = M7V,—) + mE]e- T ‘" 

= [mE + e 2 {T„+)e~ T ^\e- T ^ 
e 2 (T n+ 2 -) = [mE + [e 2 (2’„-) - m£]e- r '" }e~ T ' /r 

This is the complete period recurrence relationship. The general nth 
term is obtained by the proper extension of this expression. The result is 

e 2 (T„ — ) = mE(e~ T ° /r — e -cr.+r»)/T _j_ e -c2r.+r 0 )/r _ e -(2r.+2r.)r _(_... 


+ • • ■ - c^CrO^Cr 2 )^]'’ + e -[^ + ( 2 -- 1 ) r, ] / ' 


) ( 9 - 22 ) 


This expression is of value in determining the time required for a cir- ; 
cuit to reach equilibrium after the application of such a periodic rectan- j 
guiar potential. Equilibrium exists when each cycle is identical with the 
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or 

From Eq. (9-21), 


C'i(T n + 2 —) = e->{ T n —) 
e 2 (F n+1 -f-) = e 2 (7 , r,_ 1 + ) 

when this condition exists, 


— I = mP a - 


e->(T n — ) = mE 


-T a /r 


— (Tj-f 7V/r 


for ^ » r 


(9-23) 


This expression, together with Eqs. (9-lf>) and (9-16), 
plete output waveform to he plotted (see Fig. 9-27). 


permits the com- 



Fig. 9-27. The response of a simple RC circuit to a recurrent rectangular 


waveform. 



Fig. 9-28. A positive clamping circuit. 


9-6. Continuously Acting Clamps, a. Diode Clamp. The simnlest 
type of clamping circuit utilizes a diode in a simple RC circuit as ill,,, 
trated in Fig 9-28. The action of this circuit depends on the fact that 
when the cathode of the diode is made negative with respect to the 
anode, electrons flow and the circuit acts as if a low resistance had been 
connected across the terminals. When the cathode is positive with 
respect to the anode, no electrons flow and there is, in effect a high 
resistance across the terminals. The “clos^rl” 

between 300 and 3,000 ohms for most diode and triode clamps and the 
open” impedance is several megohms. Clearly, the diode acts as a 
switch across resistor R, although, at best, the diode is an imperfect 
switch, actually, with a small nonlinear resistance in the closed position 
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To examine the operation of the positive clamping circuit in greater 
detail, suppose that the waveform of I'ig. 9-29a is applied to the input 
of the circuit of big. 9-28. ihe resulting output waveform is shown in 
big. 9-29 b. During the time interval from A to B, the input potential 
is zero, and the output potential is likewise zero. At the point B, the 
input potential drops suddenly to - 100 volts, to the point C. Since the 


capacitor cannot change its charge instantaneously, the potential across 
It also drops suddenly to -100 volts. But the cathode of the diode is 



now 100 volts negative with re¬ 
spect to the anode, and the tube 
will conduct heavily, charging 
the capacitor very rapidly. The 
charging-time constant is CR\ 
where R' is the parallel combina¬ 
tion of R and r b of the diode, and ^ 
owing to the small value of r b is 
essentially Cr b . Charging of the 
capacitor continues until the ca- 


Fig. 0-20. The applied negative potential pacitor potential becomes equal to 

to a diode clamp, and the corresponding the applied potential. At this 

clamped output. ,• , , 

time, the output potential has re¬ 
turned to zero, and the diode becomes nonconducting. Moreover, during 

the interval until D is reached, the output potential remains at zero 
potential. 


At point D the input potential changes back to zero, a 100-volt change 
in the positive direction. This rise appears across R. Now, however, 
the capacitor discharges slowly through R , as the diode is nonconducting, 
and R is usually a high resistance. The potential across R decays slowly, 
with the time constant RC, until point F is reached, when the input 




Fig. 0-30. A negative clamping circuit. 


potential drops to —100 volts. Instantaneously the output across R 
falls to a value that is 100 volts below its value at the instant that 
point F is reached. The diode conducts, quickly reduces the output to 
zero, and returns the charge on the capacitor. Note that no portion of 
the waveform is lost after the first cycle. 

If the situation is as illustrated in Fig. 9-30 for a negative clamping 
circuit, the corresponding output waveform for an applied positive gate 
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It is of interest to examine the operation of the diode damp analvt- 
ically. Hus may be done by extending the analvsis of Sec 9-4 J M the 
ime'est oi greater generality, the circuit to be analyzed i, that given in 
1’ig. d-32. lor convenience, the diode is assumed to possess an infinite 
resistance m the back, or open, direction. In the forward, or closed. 
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Fin. 9-31. The output waveform from a 
negative clamping circuit for an applied 
positive gate pulse. 
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I n.. 9-3- I he diode clamping circuit to 
1><* analyzed in detail. 


direction the resistance is r b , the Iwiam resistance of the diode. This is 
a nonlinear function of the applied potential. It will be chosen as the 

• • r i • , > ^ ^ ^ (-11 1 . iracteristic at the 

ongin. The characteristic ol a typical diode is given in Fig 9.33 Ylso 

the circuit parameters are chosen such that /?., » R' where"/?' - /? 'T°' 

when the diode conducts. * 5 " + n 

It is supposed that the potential applied to the circuit consists of a 
recurring rectangular-pulse waveform as illustrated in Fig. 9 . 3 .). Th ‘ 



- r » . 1 1 

Fig. 9-33. Typical diode characteristic. (Effect ivo Ai^A* 4 
live potentials is approximately 300 ohms.) resistance for slightly 


posi- 


given ;^r Ven 111 Flg - 9 ‘ 34a; thG ^ "’^orm has the form 

The same sequence is followed in the analysis as in Sec 9-4 bvexnmin 


e*(r.+) = 


_ a; 



(9-24) 
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Duiing the interval (7\-f-) to (T 2 — ), the capacitor is charging, and the 

output potential falls according to the simple exponential law. The 
result at (T 2 ~) is then 

(T 2 —) = e 2 (T i-\-)e~ Ta/T ° (9-25) 

''here r a — (R i -f- R'^C, since with the diode conducting the parallel 
combination of R 2 and R J ( = Rz + r b ) is nearly R' 3 , since R 2 is chosen 
greater than R' z . 



At t = (T 2 + ) the input changes 1 ) 3 ' an amount — E. Now, however, 
a two-step process operates, namely, ( 1 ) for the period when the diode 
conducts, and (2) for the time when the diode ceases to conduct. In 
particular, the change in input potential to reduce the potential across 

the diode circuit to zero, when conduction ceases, is —- 3 c 2 (T 2 — )> 

/l 

As a result 


i 


c 2 {T 2 -\~) = 


R 


e 2 (T 2 -\~) = 


Ri + R 

e 2 (T 2 -) 


r/?i + r ' 3 
2 [_ R l " 


e 2 {T 2 -) - E 



m 


- E 


(9-26) 


I 


where n — R 2 /(R l -j- R 2 ) and m — R'J(R X -f- #'). During the next 
part of the cycle 

e 2 (T 3 ~) = e 2 {T 2 -\-)e~ To/To (9-27) 


where r 0 — (7?i -f- R 2 )C, since, with the diode open, only R\ and R 2 are 

in the cirrni 
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lo find the potential c 2 {T z -\~) when the input changes by an amount 
+ a two-step process again becomes effective, (1) the change in poten¬ 
tial until the potential across the diode becomes zero, with no diode con¬ 
duction, and (2) the influence of the conducting diode for potentials 
above this value. It is obvious that: 

1 . I ntil the potential reaches zero, the change across the input is 
e 2 {T z -)/n. 

2 . During the remainder of the potential swing, the available potential 
at the input is E — c 2 (T z — )/n. 

Hence, with the diode conducting, the output potential reaches the 
value 


^2{T z -\~) = m 


E - 


C2(T Z — ) 


n 


(9-28) 


The process may now be generalized to the neighborhood of t = T n 
From the diagram, 

e 2 (T n -) = e 2 (T n _ 1 -b)e- 7Vr » (9-29) 

As in the foregoing, when the applied potential falls to zero 


c 2 (T n -b) = n 


C2(T n -) 


m 


- E 


(9-30) 


During the next period, the variation is exponential, and 

e 2 {T n+l —) = e 2 (T n + )c~ To Tj 


With the application of the potential E to the input, 


(9-31) 


€ 2 ( l n-j-1 T) — M 


JjJ g 2 (T n+ 1 _) 


n 


(9-32) 


This covers the complete cycle of operation, the next step being 

e-i{T n+i — ) = c 2 (T n +i T )e~ Ta/Ta (9-33) 

which corresponds to Eq. (9-29) for the start of the previous cycle of 
potential. 

The condition for equilibrium or steady-state operation of the circuit 
occurs for t»r a + r„, and when each cycle of operation yields poten¬ 
tials which are identical with those of the preceding cycle Thus under 

steady-state operation e 2 (T n ~) = e 2 (T n+ ;~). To find this value, com- 
bine the above to get 


e 2 (T 


n+2 


-) =m E + j c - 


7Vr 0 


= m 



E + ^ ^(Tn-f )e- 7 ’ 0/r °J e ~ T ‘ /r - 


~e 2 (T n ~) - E e 


—T o/t 


T a /T Q 


(9-34) 
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Under equilibrium conditions, therefore, with e 2 ('/'„ +2 -) = e 2 (T n -), 


e,(T.-) - g( l - 


T q/Tq 


1 — g—(7Vro-fT a /r a ) 


(9-35) 


This expression is examined in the light of Fig. 9-34, which shows the 

form of e 2 (t) as a function of time. Clearly, the action of this negative 

clamping circuit is to displace the entire waveform below the reference 

axis. Also, under optimum conditions there would be no potential in 

the positive sense. Desirably, therefore, e-,(T n ~) should be zero, with 

e 2 (r n _ 1 + ) very small. The criteria are specified. By Eq. (9-35), for 
(T n ~) to be nearly zero, 

r 0 » T o, which requires (R l + R 2 )C to be large 

Ta » T a, which requires (R l + R' 3 )C to be small 

13} compaiison of these conditions, it is seen that the clamping action is ^ 

best when R, is made much larger than R' z and when R x and R' z are both 

as low as possible. I lie most important criteria for good clamping action 

are that (R x + R 2 )C be large compared with T 0 and that R x + R 2 be 
large compared with R x + R' z . 

b. 6/ id C lamping. The function of clamping may be performed at the 
giid of a triode, since, with the grid made positive with respect to the 
cathode, an electron current flows and the effective cathode-grid resist¬ 
ance is very low'. Also, when the grid is made negative with respect to 
the cathode, no grid current flows, and the circuit is essentially open. 

Hence the grid of a triode or a multielectrode tube, when connected d 

accoiding to the circuit of Fig. 9-35, will act as the plate of a diode and 
pioduce the same clamping action as the diode. In fact, the open and 

(loscd impedances of the grid clamp are roughly comparable with those 
of the diode. 



Fig. 9-35. A grid clamping 
circuit. 



Fig. 9-36. Clamping circuit that 
establishes the reference potential 
E volts. 


c. Clamping above or below Ground Potential. It is not necessary that 
a clamping circuit tie one extremity of the input signal to zero potential. 
The refeience potential can be made almost any desired value by intro- 
ucing the necessary fixed reference potential. In the circuit of Fig. 
j ~ 36, clamping is established with 




Sec. 9-5] SPECIAL ELECTRONIC CIRCUITS 303 

The operation of a simple clamp and also the effects of the clamp 
impedance arc made more evident by a specific example. 

Example 1. I he circuit and the applied potential waveform are illustrated in 

the accompanying sketch. Assume that the effective grid-cathode resistance 
during grid conduction is 1.000 ohms. 


+ too 


f 

n _ 




v-/ 

-H 

10\ 

k-- 40 - J 



0.1,IX f 



a. Estimate the reading ol a d-c voltmeter which draws negligible current when 
connected between points C and A in the circuit in the sketch. 

b. What would the voltmeter read when connected between C and I )? 

c. What would the voltmeter read when connected between T and 

Solution.. The equivalent circuits during the charging and discharging periods 
are shown in the accompanying diagrams. 


Charging 
01 

—J 






Time constant 


%/k T a = 91 /isec 


Discharging 


to 


Time constant 
To = 1,000 /xsec 


The potential differences at various points in (lie circuit arc illustrated in the 

accompanying figure. These sketches show the potential variations across the 

capacitor and across the grid resistor after steady-state conditions have hern 
reached. 
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The potential across the capacitor at the end of the charging cycle (10 /isec) 
is denoted as E During the discharge portion of the cycle, the capacitor poten¬ 
tial falls from the value E to the value £( e -«/.,ooo) = 0 .961£. During the charge 
portion of the cycle, the potential across the capacitor increases from 0 961 E to E 
according to the charging curve (100 - 0.901£)(1 - For an equilibrium 

condition to be established, it is required that the potential lost during discharge 
equal the potential gained during charge; hence 

(100 - 0.901^)0.104 = 0.0392? 
or 

2? = 74.8 volts 

a. Eca 

b. Ecd 


c . E ab 


e c = 0.98 X 74.8 = 73.3 volts 

100 x ioTTo = 20 volts 


= s _ K(28.1 + 25.2) 10 - 12(74.8 + 71.9) 40 _ 


50 


= —53.3 volts 


Hence Ecd — E C a + Eab is verified to the accuracy used. 

Example 2. Repeat the foregoing example for the case where the circuit con¬ 
stants are changed to read C = 0.01 fii, R = 10° ohms. 

Solution. The charging and discharging circuits, with the corresponding time 
constants, are 

Charging: T a = 1,000 X 0.001 X 10" fl = 1 M sec 
Discharging: T 0 = 10 6 X 10~ 9 = 1,000/isec. 

The important waveforms are illustrated in the accompanying figure. 



A comparison of the above examples shows that, the lower the clamp 
impedance relative to the circuit impedance, the “tighter” the clamp 

ecomes. In particular, if a zero-impedance clamp were possible, then 
perfect clamping would result. 
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9-6. Switched Clamps. It is sometimes necessary to open or to close 
a clamp at intervals which may or may not he directly related to the 
signals. If the clamp can conduct in only one direction when closed, it 
is called a one-wan, or single-tidal clamp. If the clamp can conduct s 
both directions when closed, it is a two-wag, <>r double-sided clamp. 

Switched Clamps Single-sided. The clamping circuits discussed in 
Sec. 0-5 are essentially single-sided, and it provision is made to cause the 
diodes or triodes that produce the clamping action to turn otT during a 
certain prescribed period, the clamp then becomes a switched single¬ 
sided clamp. The modification that is necessary in order to convert the 
biased clamp of Fig. 9-30 into a switched clamp is illustrated in Fig. 






Switching 

pufce 


>e, 


Fig. 9-37. A switched diode clamp that is open for a time T 



Fig. 9-38. A one-way clamp using a single triode. 

9-37. Here the diode is switched out of the circuit by the application of 
a square pulse for a time T to the grid of the cathode follower. Clearly 
for the switching to operate, the amplitude of the signal at the cathode 
of the cathode follower must exceed the bias potential E. The other 
clamping circuits can be modified in generally similar ways 

A somewhat comparable circuit that utilizes a triode is given in Fig 

9-38. In this circuit the clamping is done through the beam resistance 

of the tube, but since the clamp impedance is rather large the damn is 
correspondingly quite “ loose.” ’ 

Switched Clamps—Double-sided. Several different types of switched 
double-sided clamps exist. One type of synchronized clamp is so 
arranged that the output may follow the input during the time that the 
synchronizing pulse is applied, but is then returned to the reference poten¬ 
tial when the synchronizing pulse is removed. The elements of such a 
ircuit arc illustrated in Fig. 9-39. 
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Suppose that the synchronizing pulse is applied as a negative rectan¬ 
gular gate which drives T\ and T2 beyond cutoff for the desired length 
of time. With tubes T1 and T2 cut off, the grid of T3 is free to follow 
any changes in the input-potential amplitude. Since capacitor C, has 
no discharge path, the potential is transferred to the grid of T3, which 
then follows this potential variation. At the end of the synchronizing 
period, tubes T 1 and T2 again conduct, and the grid potential of T3 is 
returned to the reference potential determined by T 1 and T2 in series. 



W 


Synch. 




!']<;. 0-30. A switched double-sided clamping circuit. 


If for any reason a signal appears on the grid of 7’3 without a synchro¬ 
nizing potential on the clamping tnodes, the effect of 7’1 and 72 is to 
prevent the grid potential on 7’3 from changing. This self-compensat¬ 
ing eftect arises because a slight increase in the potential at the point A 
causes J 2 to conduct more current, which reflects itself as an increase in 
the bias oi 1 1. This tends to reduce the current through 7T, which thus 
counteracts the impressed potential. In a similar manner, if the signal 
tends to decrease the current through 7’2, the grid bias of 7T decreases, 
with a resulting increase in current. Hence, so long as 7T and T2 con- ^ 
duct, the potential at the grid of T3 is held constant and no input signal 
will reflect itself as a variation in the output of T3. 

This clamping circuit operates quite satisfactorily and is used for many 
. applications. However, owing to the 

/ _ / A A existence of interelectrode and distri- 

No coupling with interaction buted capacitances between the S3’n- 

Fig. 9-40. The effect on the output chronizin S and the signal line, a slight 
signal of the synchronizing pulse act- dimple might appear on the signal, 
ing through the interelectrode and somewhat as illustrated in Fig. 9-40, 
distributed capacitances to the signal owing to the interaction of the syn- 

chronizing pulse on the signal line. 
This effect is quite tolerable in some applications but is objectionable in 
television circuits, where such an extraneous signal might affect the actual 
signal pattern. This effect is overcome by using two synchronizing pulses 
of opposite polarity in appropriate circuits. 

A clamping circuit of importance in television practice 1 provides for 
establishing an arbitrary reference potential a 


■ i 

With interaction 


Fig. 9-40. The effect on the output 
signal of the synchronizing pulse act¬ 
ing through the interelectrode and 
distributed capacitances to the signal 
line. 
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on some chosen circuit element in the pietare amplifier. The clampiim is 
applied during the period that the television picture is blanked during the 
letracc period. A diagram of such a damping circuit is given in Fb 9-41 
The reference potential is that which exists at the mid-point “of R, 
This may be deduced as follows: During the keying-pulse intervals both 
diodes conduct, and both terminals of /f, are at nearly the same poten¬ 
tial. Because of this conduction, the equal coupling capacitors C, and 
are oppositely charged. During the intervals when the diodes are 
not conducting, a current flows in R u thus discharging these capacitors 
Mnce both the circuit and the keying signals are balanced, the diodes 
always reach the same potential during ihe pulse intervals, this potential 
being that at the mid-point of R, during the intervals between pulses. 

1 he time constant ( ,R , = C 3 R , is made large compared with the period 



,c 2 R, c 

f-^---WvW- 


Mg 


T2 


4— 


/v o 


I 






X 


R 


IT 


JL 



? — 


Fm. 9-41. A double-sided switched damp. Fro. 9-42. A self-!,alma-inn damp circuit. 

of the pulses, so that the current in R , is small and the charges on 
and C 3 remain substantially constant. 

If Ri is connected as shown, the reference potential mav be shifted with 
respect to ground. However, if the circuit is seriously unbalanced some 
difficulty may be experienced in maintaining the pulse shape. To mini¬ 
mize this, the resistor R-< may he inserted in the ground connection The 
current through this resistor is very small, and even with large R -. there 
is no serious disturbance of the reference potential. 

The coupling capacitor C, must charge through the clamp circuit in 

the absence of grid current in T2. During tin- open-circuit intervals in 

he clamp circuit, the charge on C, cannot change. Consequently the 

1-f response of the coupling circuit between Tl and T2 is not scion lv 
affected. ' •> 

Fi^ .f^bing cnmit that is essentially .self-balancing is illustrated in 

Mg. -M2. If it is assumed that the four diodes are identical, then upon 
po e tentfa!. C " y " >g ^ ‘ he P ° mt A a ' ld » are at the same 

Both the foregoing clamping circuits require that the keying pulses 
be larger than the amplitude of the picture signal at the point where the 
clamp operates. Otherwise conduction from the signal line through the 
clamp may occur and thus affect the level. Usually the amplitude of the 
kj^^s^^nade about twice the amplitude of the picture signal 
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PROBLEMS 


General Note: The solution of many of the following problems may require direct 
reference to a tube manual for additional tube information 

• 9 'LIn he <Io . U ^ di °T e ’i miting circuit of *’«• 9-5 is used to clip a sinewave 
input 100 sin 5,000 1. In the circuit, R = 100 kilohms, and E t — E* = 5 volts. 
6H6 tubes are used. 

a. Plot the output potential e 2 as a function of time. 

b Suppose that the output c ? is amplified to a 200-volt peak-peak potential 
and is passed through a second identical clipper. Plot the output as a function 
of time. Indicate the total rise time on the diagram. 

9-2. Sketch the waveform at the output of the diode clipping circuit shown 


1 



9 3. Consider the circuit in the accompanying figures. Determine the wave- ^ 
s apes a ie several points indicated, and sketch these in the manner shown. 




Neglect interelectrode and wiring capacitances. Assume r e = 500 ohms when 
grid current is drawn. 
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t,u„. v: r ';S; i, ;“;;:;^;; ..i-..vi.. s 



9 : 6. Write an expression for the output potential as 
closing the switch (see the figure for this p.oblem, ’ ° f t,,nc «f‘or 



9-7. Tho intereleetrodc and wiring capacit 
output wave form for a given input waveform 
pain ing diagram. 


a, T \ C0 * wi » effect the shape 
Iveler to the circuit in the ; 


of the 
ii'com- 


^bb ~2S0v 


c 1 
0 

-50 


Cutoff - -if ^ 



°' " mp,ificr " h ‘'" t,1P “»«- - conducting. 
^>ctc, mine the output w aveshape for the designated input wave. 
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9-8. Repeat Prob. 9-7 when the circuit is modified as shown in the accom¬ 
panying figure. 


V 


200kfi 

r -VWW 



9-9. A saw-tooth potential is applied to the circuit shown in the accompanying 
diagram. Calculate and sketch the output potential during one complete period. 



1000 15 00/usec t 



/OOfit/LLf 

-K— 


/OOkn 


j 


+ 
e* 


9-10. The input potential to a given amplifier is as shown (see figure) 


E,r=2SO^ 


1000 ISOOyU sec 


-50 




a. Calculate and sketch e c during one complete period. Neglect tube and 
wiring capacitances. 

Q i^ al a U u te a ? d sket( ' h th e output potential during the period. 

tv „ cd dlode clamping circuit (see Fig. 9-30) is modified as shown. 

Discuss the effects of the modification. 



9 12. A recurring pulse series is applied through a series diode to the network 
shown. Assume that the resistance of the diode is A, during the pulse and is 
in ni e in le re\erse direction. Obtain an expression for the reading E* ot <‘ in 
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average-reading voltmeter of infinite input impedance under steady-state 
conditions. • 

9-13. A circuit which has been called a diode-pump integrating circuit is 
illustrated. 






a Find an approximate expression for the reading of an average-reading volt¬ 
meter across the output capacity C. 

b. Discuss whether the duration of the input pulse is critical, provided the 
coupling capacitor C c becomes fully charged before the end of the pulse If the 
effective internal resistance of the pulse source is A\, what relation between R,C ( 
and 1 , must be met in order that the conditions discussed be fulfilled? 

9-14. (liven the circuit shown in the diagram. The generator has negligible 
internal resistance and produces 100-volt rectangular pulses of 2 M sec duration. 

A +300 i 


tOOkn < 90kjx 



SOO/j-fxf 
-VWV-1( — ♦— 

100 kn I 
QSMiA 


/Oka 


T~ r ^2SO-TL 


0jf4,f 


*| p- sec 



100 v 


-2000/j. sec 


a. Draw a simplified equivalent circuit for the generator nn,l it* 1 a a • 

the 2 -mscc pulse interval. generator and its load during 

b. Draw the simplified equivalent circuit for the generator and it, I a > ■ 

the interval between the pulses. ‘ an ^ oa< ^ ^ unn £ 

c. From the equivalent circuits determine • i r 

capacitor? Is any appreciable signal bias developed ^If r? 0 ” ° f th ® 500 “^ f 

d. Sketch the grid potential e r approximately to s a l e ' mUch? 

9-15. Refer to the circuit in the figure. 
a. What is the maximum value of e bl ? 

1200v 
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b c. °' P ° ,Cnt “' *™ «“ “■»*' 

9-16. Given the circuit shown in the figure The innnf •* • 

senes of rectangular pulses having the amplitude and duration shown, witTa pulse 



recurrence frequency of 60 per second. Choose the following values: 

r c = 500 ohms when grid exceeds -f 10 volts 
r b = 1,000 ohms when grid exceeds +10 volts 
f c i at beginning of pulse = —27.5 volts 


: SSSZ “ d - *'» 

a. Calculate the average d-c value of e cX . 
e. Calculate and sketch the potential e 2 . 

/. Calculate and sketch the potential e 3 . 


CHAPTER 10 


UNTUNED POWER AMPLIFIERS 


The potential amplifiers discussed in Chap. 4 are designed to increase 
a potential signal from a low level to one which is adequate for operat¬ 
ing some low-power circuit. Such amplifiers are generally operated in 
class A since the amplification is to he accomplished without distortion. 

A power amplifier serves to supply an appreciable amount of power to 
some power-absorbing circuit, although in general it must be accom¬ 
plished under very low grid-driving-power demands. Power amplifiers 
may be operated as class A, B, or C or at any point between these limits, 
the choice of operating conditions being determined by the ultimate 
purpose of the amplifier. If the amplifier is to reproduce the audio 
spectrum without distortion, then the amplifier must be operated in class 
A if a single tube is used. If two tubes are used in a push-pull circuit 
then the amplifier may also be operated in class AB or class B. If the 
amplifier is to reproduce the input waveshape over a very narrow range of 
frequencies, tuned class B or tuned class C amplifiers may be used. Only 
a-f amplifiers will be considered in this chapter. 

10-1. Class A Triode Power Amplifiers. The basic schematic diagram 
of a typical series-fed power amplifier and its equivalent circuit is given 



F.o. 10-1. The schematic and equivalent circuits of a simple series-fed power amplifier. 


in Fig. 10-1. It is observed that this circuit is identical with that of Fig. 
4-1 lor the simple potential amplifier. 

If it is assumed that the dynamic curve is linear over the entire range 
oi operation, then the plate current is given by 
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since E„ - E 1; and the power supplied to the load is 
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P = PR, 


m 2 £? 


R, 


4 r p (1 + R,/r p ) 2 r 


( 10 - 2 ) 


m 2 e. 


A sketch showing the variation of the output power as a function of R,/r p 
is given in log. 10-2. It can be seen that the power curve reaches a maxi¬ 
mum at the point at which R,/r p = 1, although this maximum is quite 

broad. P is a slowly varying function 
of Ri in the neighborhood of the maxi¬ 
mum, and the power is at least 88 per 
cent of its maximum value for values 
of R t /r p ranging from 0.5 to 2.0. This 
condition shows that the power loss is 
less than 2.25 db for all values of R 
between 0.5r p and 2 r p . 

Since the maximum power trans¬ 
fer occurs when the load resistance 



R i/r p 

Fig. 10-2. \ariation of power output 
as a function of resistance ratio R t /r p . 


e qua s t e internal plate resistance of the tube, it is necessary to use tubes 
with low values of r p in order to obtain reasonable amounts of power with 
nominal values of plate supply potential. Since the g m of a tube cannot 
be designed over very wide limits, then tubes with low r p also possess low 
va ues of n. As a iesult, large grid excitation potentials are required for 
appreciable amounts of power output. Note from Eq. (10-2) for a given 
value of E„ that tubes which pos¬ 
sess large values of 



M _ 
r Qmfl 

9 P 

possess high output-power output. 

In fact, the power sensitivity which 
was defined by Eq. (3-4) becomes, 

under the conditions of maximum ^ IG> 10-3. The output current and potential 
power transfer, simply ng m /- 4 waveforms in a triode power amplifier. 

. .^° ^^ ei m ^ le the power output directly from the static plate character¬ 
istic o e tu oe, it is necessar\ r only to draw the appropriate load line on 
t ese c aracteristics and read the significant information from the dia¬ 
gram. Thus, by referring to Fig. 10-3, it follows that 

f m»r I ni i 


and 


(10-3) 
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The power output is 


P = 


E m I 


m 


2 


IIP 

2 


which may he written in the form 


P = 


_ (^niax E milt) ( /nu x Amo) 


8 


00-4) 


If distortion is not negligible, the harmonic components must be evalu 
ated according to Eqs. (2-32). The total power output is then 


P = (B{ + B\ + B\ + • • •) i 


Pi 


This may be written as 


P = 


which becomes, by Eq. (2-33), 



+ 



+ 


R- 

~2 R « 


or 


P = (1 + D\ + D\ + 


P = (1 + 7) 2 )P, 


)/ J . 


(10-5) 

where D is the total distortion. Notice, however, that if the total dis¬ 
tortion is high, say 10 per cent, then P = 1.01P,. That is, a 10 per cent 
distortion represents a power of only 1 per cent of the fundamental. 

Thus, with little error, the output power is approximately that of the 
fundamental-frequency component only. 

10-2. Output Circuits. It is not always feasible, ncr it is generally 

desirable, to connect the load directly in the plate lead, as shown in Fig 
10-1. Among the reasons for this are: 

that the quiescent current through the 
load resistor represents a considerable 
waste of power, as it does not contri¬ 
bute to the a-c component of power; and 
that the quiescent current may cause a 
serious polarization of the output. For 
example, it is inadvisable to pass a 
large d-c current through the voice coil 



t T^^cl 
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Ri 


~E. 


i 


bb 


Fig. 10-4. A parallel or shunt-fed 
power amplifier. 


of a loud-speaker. For these reasons, the transformer-coupled load is 
used extensively, although the parallel-feed system may be used. 

The circuit of the parallel-feed system is illustrated in Fig. 10-4. It is 
often ^called the impedance-capacitance coupled system. In this system 

to the plat^of the tube through a high 
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inductance L, the load resistor being connected across the output through 

a blocking capacitor C. The inductor L must be so chosen that „L » R, 

and C must be so chosen that 1/a ,C « R t over the operating range of 
frequencies. & 

The potential and current relations for the parallel-feed system are illus- 

trated in Fig. 10-5. Observe that 
^ - 


Dynamic load //he 


S/a tic /oad I/ 'ne 



L /an ! R L 


rmm 


b L, E max 

E bb 


Fig. 10-5. The dynamic and static load 
lines of a shunt-fed or transformer- 
coupled amplifier. 


the quiescent current through the 
tube is determined by R L , the re¬ 
sistance of the inductor, although 
the “dynamic” resistance into 
which the tube is working is Ri. 
Since the static resistance of the 
choke or the transformer winding is 
usually small, the static load line is 
almost vertical. 


Suppose that the load resistance into which the tube works is small; for 
example, the resistance of the voice coil of a dynamic loud-speaker usually 
ranges from about 5 to 15 ohms. If such a low resistance load were used 
in eit ei the series- or the shunt-feed circuits, only a very small power 
output would be possible, most of the power being lost within the tube 
iesistance. In this case, and in fact in any case in which the load resist¬ 
ance does not properly match the tube resistance, the use of a transformer 

as an impedance-matching device will permit optimum power transfer, 
nuch a system is illustrated in Fig. 10-0. 

The impedance-transforming property of an ideal transformer follows 
trom the simple transformer rela- 

a 


tions 


Ei = 


AT, 


and 


r* = 


n 2 

n 2 


( 10 - 6 ) 





I 

Fig. 10-6. A simple transformer-coupled 
load in a power amplifier. 


where EJ and E 2 are the primary 
and secondary potentials, respec- 

^ an ^ ^ 2 anc ^ ^ 2 are the primary and secondary currents. The ratio 
of the above yields 

li = (Ni \ 2 E 2 

,.. , . ii W i 2 

which may be written as • 


- © 


1 


Ri = —,Ri 


n 


(10-7) 


an< ^ ^ 2// ^ 2 re P resc ut the effective input and output impedances, 

— lch are resistances. When the turns ratio N*/No is 
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the transformer is called a step-down transformer; with Ihe ratio N 1 /N 2 
less than unity, it is a step-up transformer. 

Equation (10-7) is true for an ideal transformer. In general, however, 
the coupling is not perfect, the primary and secondary resistances are not 
negligible, and the core losses cannot be neglected. By taking these fac¬ 
tors into account, the input impedance is given by 



( 10 - 8 ) 


where R 1 and /? 2 are the primary and secondary winding resistances, L\ 
and l\ are the primary and secondary leakage inductances, and Z, is the 
load impedance. 

The same distinction between the static and dynamic load lines must 
be made for transformer-coupled loads as for the shunt-feed circuit, and, 
as noted, Fig. 10-5 applies for both circuits. The frequency response of 
the transformer is not flat for all frequencies. However, the effects are 
less severe than for a transformer interstage coupling, since over the 
audio range the transformer capacitances, tube capacitances, and straw 

Vs 

capacitances appear across a relatively low plate-resistance tube or across 
the low-output load resistance. 

10-3. Maximum Undistorted Power. The foregoing analyses, which 
are based on the linear equivalent plate circuit, are not completelv valid 
owing to the curvature of the dy¬ 


namic characteristic, particularly 
in the region of small plate cur¬ 
rents. In order to obtain the 
maximum possible power output 
without making the instantaneous 
plate current too small during the 
most negative part of the applied 
signal, and without driving the 
grid positive at the positive peak 
of the applied signal, it is neces- 



er- 


Fm. 10 -,. Graphical construction for deU»- 
immng the operation conditions and maxi¬ 
mum undistorted power output from an 
amplifier. 


sary to maintain a careful balance among the grid bias, load impedance 
plate supply potential, and plate resistance. ' 

To find the expression for the output power under these conditions and 
also to determine the appropriate conditions in order to achieve the 
present results, refer to the graphical construction of Fig 10-7 Since the 
distortion that results at small plate currents arises from the curvature 
of the static characteristics, this region is eliminated by setting I mia at an 
appropriate value. I his specifies the crosshatched area of the diagram. 
Thus the grid is allowed to swing from any point Q, corresponding to the 



mer- 
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coupled load were used) between zero grid bias and that bias which corre¬ 
sponds to I min . It will be assumed that the distortion is negligible in 

this region. The characteristics are essentially linear in the operating 
region, with a slope corresponding to r p . 

To find the value of load resistance for which the power will be a maxi¬ 
mum, refer to Fig. 10-7. It is noted that 


But since 


E b = E d + 2 I m r p + E 


m 


m 


E m = R t I 

then it follows that 

E b = E d + 2 I m r p + I m R, 
= E d + I m (R, + 2 r p ) 

Solving this expression for 7 m , there results 


Im = 


E„ - En 


Ri + 2 r 


(10-9) 


I he power to the load is then given by the expression 


P _ Ei _ {E b — Ed)' 1 ARi/2r p 

2 16 r v (1 + R l /2r p y 


( 10 - 10 ) 


(E b -E, 


0.4 

0.2 

0 


A sketch showing the variation of the output power as a function of Ri/r p 

is given in Fig. 10-8. This curve, like 
that of Fig. 10-2, reaches a maximum, 
but in this case at the point at which 
Ri = 2 r Pt although the variation is not 
rapid in the region of the maximum. 
The power remains at least 88 per cent 
of its maximum value for load resist¬ 
ances Ri ranging from r p to 4 r p . 

To find the appropriate bias for 
these conditions, combine Eq. (10-9) 
with the fact that the current changes 


16 r A 

p / 

- yt 



—— 
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-J- 
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0 1 ? 1 

A 
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4 
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Fig. 10-8. Variation cf output power 
as a function of load /?,. 


from /„ to I m when the signal potential E, is equal to E r . Thus 


Im = 




Ri + r p 

The result, by equating Eq. (10-9) to (10-11), yields 


( 10 - 11 ) 


*•-£(* 


E d ) 


(10-12) 


in which 7?, has been set equal to 2 r p . The value of E D is obtained 
directly frnn 
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The maximum undistorted power output becomes, from Eqs. (10-10) 
and (10-12), 


P = 

1 m& x 




9 r. 


Further, since E c = E om , this becomes 


p = 

x max 


H~E1 9 


9r 


p m . /to 

(~j HQmE 0 


(10-13) 


and the power sensitivity at optimum power output is 


Power sensitivity = 


p 2 

El = 9 ^ 


m 


m h os 


(10-14) 
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which is slightly less than that for the conditions of Sec. 10-1. 

The results showing the power output and second-harmonic distortion as 
a function of U t of a type GA3 triode are illustrated in Fig. 10-9. Optimum 
output is obtained at about Pi = 2,500 
ohms, which is approximately three 
times the plate resistance r p of the tube. 

Although the second-harmonic distor¬ 
tion is not negligible at this point, a 5 
per cent distortion is usually tolerable. 

The above analysis is based on the 
use of a plate-supply source of so-called 
nominal value (about 300 volts). If it 
is assumed that a plate source of any 
potential is available, then with in¬ 
creases in the value of E hh the ultimate 
limitation will be imposed by the allow¬ 
able plate dissipation. Under these 
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Fio. 10-9. Power output and second- 
harmonic distortion of a type 6A3 

triode as a function of load re¬ 
sistance. 


circumstances, it is found that the circuit should be operated with a value 
of Ri that greatly exceeds 2 r,,. 1 

10-4 Plate-circuit Efficiency. The foregoing discussion gives the 

methods for calculating the output power of a power amplifier The a c 

power so obtained is converted from the d-c plate supply by the vac 

tube. The ratio of these quantities is called the vlate-r.irr.uU 
the amplifier. Thus 


uum 

plate-circuit efficiency of 


= _a-c power output to the load 

p d-c power input to the plate drcuTt X 100% 


(10-15) 


Suppose that P p denotes tin* average power dissipated by the plate 
Then by the principle of the conservation of energy 
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where Rl is the static load resistance. By solving for P„ there obtains 


But as 


P p - Sbblb - It - E P I P 


then P p has the form 


Ebb — Eb + /(,/?, 


P p = Ebl b - Eplp 


(10-16) 


This equation expresses the amount of power that ■ * a k 

i r k ir tic ' 

“<* » reduced by Z ttHtf b 

to th. toad. Hence, a tube is cootec wh.nTlTve^ ^“loTS 

A 


E^O 


7_ 4- T- 


max 


m/n 





m p 


Fig. 10-10. The plate characteristics of an ideal triode. 

” r “ e , h a '° P °"' er (,ar| sfer. This is a very important 
tubes are crfiS ‘t 8 '"'’ 0 "'''' r-f transmitting tube.; since such 

If for anv res ' p ope,atcd close to the rated allowed plate dissipation. 

co„°.c,„e)t de“ai in” 115 ," ^ «on.d, "with a 

dangerously high. out P ut power, the plate power may become 

From Eq. (10-15)^ e ^ c * ency ma ^ written in several different forms. 

E n I n _ 

(10-17) 


_ X - / P* p 


v P = E 

This may also be written as 


bb-l b 


X 100% 


Vp = 


Po 


X 100% 


(10-18) 


p ° + Pp + IIR i 

This mean^tha^ 1116 °i ,r means a smail value of P p for a given output, 
be used ^ Sma GI * a sma ^ er plate-supply source may 

valup nf 3 SS ^ e + u° °^ >t . a ^ n an a PP r oximate expression for the theoretical 

In ideal tnhi° r the and the shunt-fed circuits. Consider that 

such a tnhp 1S m an am P^ er circuit. The plate characteristics of 

the ffrid d n V V ° U ^ thG f ° rm illustrated in Fig. KJ-10. Suppose that 
g id doe s not swing bevond E A • ... 


t 
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rent. Then, by the proper choice of E c , 


L = I 


m 


and 


Vp = 


E,r, 

Ebb lb 


F J F 

LJ jri * m ~ (\ 1 J m 

2EuL, = EZ 


Cr 

/( 


(10-19) 


For the series-fed circuit, the point marked E max = E bh , and from the 
diagram, 

Em ax = Ebb = 2 E m + 21 m V D 


Hence Eq. (10-19) becomes 


V P = 

from which, since 
then 


F 9 • 

%() _ 

2 (E m + I m r„) 1 + /„ 


o 

m rJE 


m 



I mE I 



_2o_ 

i + t p ! lii 




( 10 - 20 ) 


The theoretical maximum plate-circuit efficiency for the series-fed ampli¬ 
fier is 25 per cent. For the conditions of maximum power output, when 
Ei = r p , Ti P = 12.5 per cent. Actually, owing to the limited range of 
operation without distortion, r\ p seldom exceeds 10 per cent in practice. 
Evidently, the linear vacuum-tube amplifier is an inefficient device for 
converting d-c into a-c power. 

In the shunt-fed system a means has been devised for eliminating the 
d-c power loss in the load. This results in an improved plate efficienev. 
If the static resistance is assumed negligible, then 


Ebb = 


Eb — E m + 21 m r p 


and 


E 


v P 


= 50 = 50 


E 


n, 


E 


ip, 


E 


m 


+ 2 I m r p 


c; 

/c 


This reduces to the form 


V P = 


_50 

1+ 2 'rjlii 


% 


( 10 - 21 ) 


The theoretical maximum plate-circuit efficiency of the shunt-fed or 
transformer-fed amplifier is 50 per cent. Thus the elimination of the 
static power loss in the load reflects itself as an improved plate efficiency. 
For the conditions of maximum output power, when R, = 2 r,„ n„ = 25 per 
cent. However, since the static resistance is not negligible and since the 
current / mi „ cannot be taken as zero if distortion is to be avoided, the 

Avill be less than the 25 per cent figure. 
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10-5 Power Pentodes and Beam Power Tubes. The plate character¬ 
istics of the power pentode are markedly different from those of a triode 
and the graphical analyses given above are not valid for pentodes. Since 
the characteristics of the beam power tubes are similar to those of the 

power pentode, the discussion to follow applies for both the power 
pentode and the beam power tube. 




10 - 11 . Plate characteristics of a 6F0 pentode. 


Power pentodes differ from triodes principally in the character of the 
dynamic curve with increasing load resistances. In the triode, the dis¬ 
tortion decreases as the magnitude of the load resistance increases. This 
follows from the fact that the dynamic curve becomes increasingly linear 



«c. bias 


^ ynam * c characteristics of a 
6 b 6 for three values of plate load resist¬ 
ance. 


as the load resistance becomes 
higher. In the power pentode, the 
dynamic characteristic is critically 
dependent on the load resistance, 
with excessive curvature at both 
the high and the low values of load 
resistance. Moreover, the critical 
load resistance to be used cannot 
be related analytically with the 
plate resistance of the tube. This 
resistance is always less than the 
plate resistance of the tube. It 



might appear therefore that the 
output-pouer capacity of the tube would be too low to make the tube fea¬ 
sible. Actually, owing to the large ng m product, even with the appro- 
pi late Ri the power output is usuall 3 r higher than with the tube connected 
as a triode, and this with a smaller grid driving-potential amplitude. 
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which gives the plate characteristics of a 6F6 power pentode. It will be 
supposed that the load is transformer-coupled to the tube and that the 
plate potential is maintained at 300 volts. Three load lines are shown. 
2,500, 7,000, and 10,000 ohms. The 


corresponding d} r namic curves are 
given in Fig. 10-12. The following 
example will help clarify the 
situation: 

Example. Calculate the output 
power, the plate-circuit efficiency, and 
the second, third, and fourth harmonics 
for the 0FG that supplies power to a 
loudspeaker, the effective resistance of 
which i< changed to have values of 2.5 
kilohms, 7 kilohms, and 10 kilohms. A 
300-volt source is available, and the 
tube is biased at —20 volts. 

Solution. The important data from 
Figs. 10-11 and 10-12 are included in-the 
tabulation. The general character of the 



Fio. 10-13. Operating characteristics of 
a CFG pentode as a function of load re¬ 
sistance. 


results is given graphically in Fig. 10-13. 

Notice that optimum power transfer occurs somewhat above 10 kilohms, which is 
very small compared with the tube resistance of 78,000 ohms. 
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10-6. Push-Pull Amplifiers. 1 he use of two tubes in parallel provides 
the possibility of obtaining twice the output power of a single tube with 
the same distortion. A push-pull amplifier circuit is a much more 
desirable connection for two tubes. In this circuit, the two tubes are 
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“ s “ ho ' v, v" Fi f I0 - H - The P ,, tol ,ia) S , h(! 0/ 

.qua! potentials that differ by ISO deg. A number of vacuu^b" 

ciicuits are possible for achieving 
these results, and several of these will 
be examined below. 

1 o examine certain of the features 

of such an amplifier, suppose that the 

input grid potential to one tube is of 
the form ’ 




o 

O 

o 

f 


R 


Fig. 10-14. The basic push-pull circuit. 


^{/l ^ gm COS Cot 


2l £8“™',°' "" '» genera, by the «pre. 


( 10 - 22 ) 


ibl ~ + Bl cos + Ko cos 2 c ot -f B z cos 3 c ot + 

Ihe corresponding signal to the second tube is 

C °- = cos cot = E om COS (cot 4- 7 r) 

and the output plate current is 

*62 = /?„ + /?, COS («rf + *) + B 2 cos 2 (cot + Tv) + B 3 cos 3 (col + n) 
which has the form + ” 

*62 - B 0 — Bi cos ut + B 2 cos 2o >t - B 3 cos 3cot + • • • (10-23) 

outmit.-tmnaif' 10 1 the currents are in opposite directions through the 

the difference°b^tween ln the ^ ° UtpUt ’ S then P ro P ortional to 

ctuccn the plate currents m the two tubes. This is 

* = ^-(*61 - i h ,>) = 2 k(B, cos C ot + B 3 cos 3 U'+ • • •) (10-24) 

harmonics Tn°?i S ^°" S tdle P us h-pull circuit balances out all even 
principal source of di’stortiom ' 1 I<?aVeS ^ third - harmonic term as the 

from"the elrcuit Fig w th ® pu f’ pul1 system is evident 

oLoslnJl rT fl ° W in °PP° site directions in the windings, thus 

er * maSn J CtiCally in the transformer core. This elimi- 

that mieht. ariseT^ °" ard core saturation and the resulting distortion 

The effect • f !*° ,T \ ° ma S ne f* z ati°n of the transformer core. 

supply due tn°\ 1 ? )pe P ° tcntials ^ lat ma 3 r be contained in the po^er 
PP > due to “^equate filtering will be balanced o ~ 
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circuit. This is so because the currents that are produced by this ripple 
potential are in opposition in the output transformer and hence will not 
appear in the load. Of course, the effects of the ripple potential that 
appear on the grids of the tubes will not be balanced out and will be 
noticeable with the signal. 

Another feature of this amplifier is that under self-biased conditions 
there is no need for a by-pass capacitor across the cathode resistor. This 
follows from the fact that the potential which appears across the self-bias 
resistor R k is (41 + 42 )AT But this is, from Eqs. (10-22) and (10-23), 


(41 T 42 )Rk — 2 R ( h, T B 0 -T B 2 cos 'lict T Bn cos 4a?/ -f- 


) 


But for tubes operating in class A the harmonic amplitudes are very small 
and are therefore not significant. 

One of the particularly significant features of the push-pull amplifier 
is that the output power possible with the two tubes for a given total 
distortion is higher than twice that of the single tube. This results 
from the fact that with the automatic cancellation of even harmonics in 
the output the tubes may be driven harder until the third harmonic terms 
become significant. 

Note also that, with the increased grid drive, the rectification com¬ 
ponent 2 B 0 Rh becomes significant and adds to the bias 2I b R h if self-bias 
is used. As a result, the effective bias increases, with consequent reduc¬ 
tion of output power. This means that the output power of a push-pull 
amplifier under otherwise similar conditions will be higher with fixed bias 
than wit h self-bias. 

10-7. Equivalent Circuit of a Class A Push-Pull Amplifier. Suppose 
that both tubes of the push-pull amplifier are identical and that ^ and r 


Gj' 


'6 




'6 




(oa; <r 


r 





*" IG - 10-15. Equivalent circuit of the class Fig. 10-10. The simplified equivalent cir- 
A push-pull amplifier of Fig. 10-11. cuit of the class A push-pull amplifier. 

are constant over the range of operation. The equivalent circuit of the 
system then has the form given in Fig. 10-15. Observe that the connection 
between the cathode terminals anil the mid-pomt of the output trans¬ 
former does not carry a fundamental-frequency component of current, 
owing to the cancellation that occurs. This connection may be omitted 

enema the oneration. The resulting cir- 
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electron-tube circuits 


cuit then has the form given in Fig. 10-16. In this diagram 


* - GKO’ * 


(10-25) 


The resultant current is given by 


I = 


2/iE, 


2r p + R[ 


(10-26) 


which may be written in the form 


I = 


mE, 


r P + R\/2 


(10-27) 


The total power delivered to the load is then 


= I 2 R 


{ - 2 (i 


t*E. 


+ R 


1 / 2 ) 


Rj 

2 


(10-28) 


This expression may be interpreted to mean that the total output power 

is twice the power of each tube considered to be working into the equiva- 
lent load resistance R\/ 2. 

A more significant expression results by writing Eq. (10-28) in the form 


_ (_ ^ _V R'i 

W 2 + R\/ 4/ 4 


(10-29) 


This may be interpreted to show that the class A push-pull amplifier may 
be represented by a single composite generator which has emf yE„, with 
f n na ^ resistance r p /2, and which works into a load resistance equal 
° l ' V s P oss ible, lact, to derive a set of static characteristics of 
e composite tube from the tube plate characteristics and to obtain 
significant operating information from this. 

10-8. Composite Static-characteristic Curves. The composite static 
c aractenstics of the push-pull amplifier may be obtained from the plate 
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Fig. 10-17. The potentials in the push-pull amplifier. 

characteristics of the individual tube by a graphical construction. 2 It is 
assumed that the output transformer is ideal, whence the potentials across 

each half of the transformer ore onnoi _ 1 


- * ---— --If Uliv 

a of the transformer are equal. The situa tion is illustra 
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Fig. 10-17. The load potential is given by 


X 


e = e 


A i 


(10-30) 


Also, in the ideal transformer, the total primary ampere-turns are equal 
to the secondary ampere-turns, from which 


AVm - AV„ = N t i 


(10-31) 


Thus the load potential is 


( 


= Hit = 


y 

(h. i — //,•») vr Ri 

-\ •> 


(10-32) 


By combining Eqs. (10-30) and (10-32) there results 


c P = (ibi - h‘i) 



\r Hi (10-33) 


which mav be written in the form 


R't 


Cp (*6 i *62) 


(10-34) 


where R\ is the plate-plate resist- 
ance. 

The following relationships are 
evident from an inspection of the 
diagram of Fig. 10-17: 


Cm 

C62 

Cel 

C f 2 


E b — e p 

Eb T Cp 

E C c T Cy 

E cc - e 


(10-35) 



% 

'It follows from these equations 
that when the plate-cathode po¬ 
tential Cfci of tube 7T decreases 
from the quiescent-point value E b ( L 6 i~i-b 2 r\ 
by an amount e p , then the corre¬ 
sponding potential e b 2 of tube T 2 



increases beyond E b by a like F T * . "> 

.. , ,, . . rK *- io construct the composite 

amount. Also, when the grid- static characteristics of a push-pull ampli- 


cathode potential e c \ increases fier from the plate characteristic. 

beyond L cc by the signal potential e g , the corresponding value of e c2 
deci eases below E cc by e 0 . These conditions are shown in Fig. 10-18 for 
three 4 different values of e p . In these diagrams point A corresponds to 

*61. 
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Point B is that for e bi = E h + e p „ - /? , 

*»,. Point C has the ordinlte f / 7 \ the tub * CUrrent is 

*» «* M* curves of <X vs. *, 

on th orn ? 35 3 r rameter - Clcarl y> Point C is one point 

composite static curve for the signal potential e .. Other points 



imr , Tins ;; V “ ; uu uy ma »>taming e. constant and by vary- 

mg c p . 1 he construction for two other value* " • • 

composite static chiracteist? The e'™ m" p0i "“ C ‘ “ d C " t6e 
in Fig 10-19 ^ 16 com Pi ete composite static is given 

sta^rchar^ 1 fiCE f nt featUre f are evident from Fig- 10-19. The composite 
characteristic extends above and below the zero-current axis. 

Also, the composite static curve is 
much more linear than the plate 
characteristics of the individual 
tube. 

An alternative method for ob¬ 
taining the composite static char¬ 
acteristics was described by Thomp¬ 
son. 3 According to this method, 
the plate characteristics of the tube 
are plotted in the usual way. The 
curves are also plotted in an inverted 
manner, with the potential scale 
shifted so that the potentials Eb of 

each other tk- . . both sets of curves are aligned with 

each other. This construction is shown in Fig. 10-20. The inverted 

curves represent the plate family of tube T2. The two methods are 
essentially equivalent. 

annliM^ 016 ^ 0 * 11 ^ ^^ scuss i°n of the graphical construction is general and 

tion * u k e u, ider class A, AB, or B conditions of opera 

— n - Although the illnst.r*ti-*- 



. 10 -?, The Thom PSon method of 
obtaining the composite static character¬ 
istics of a push-pull amplifier. 
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tube types are obtained in the same way. In fact, owing to their shape, 
the composite static characteristics for pentode-type tubes are more easily 
obtained than the triode curves. The simplification results because the 
current i b2 remains substantially constant for large variations in e b . The 
composite static characteristics for the GF6 pentode are shown in Fig. 
10 - 21 . 



Fig. 10-21. Composite static characteristics of a 6FG pentode push-pull amplifier. 

10-9. Composite Dynamic Characteristic. The composite dynamic 
characteristic of a push-pull amplifier is obtained from the composite 
static characteristics in precisely the same way that the dynamic curve 
is obtained from the plate characteristics of a single-tube amplifier. This 
requires drawing the effective com¬ 


posite load line on the composite 
y static curves and noting the points 
of intersection of the two, which 
are points on the composite dynamic 
curve. This construction also per¬ 
mits obtaining the load line into 
which each tube is working and 
hence also the dynamic characteris¬ 
tic of the individual tubes. The 
construction is shown in Fig. 10-22. 
Clearly, the intersection of the 
push-pull load line with the com¬ 
posite plate characteristics gives 


A v / L oad I me of fube 1 



Compo s do 
toad line 


Fig. 10-22. The load line of the composite 
circuit, and the load line of one tube of 
the push-pull amplifier. 


points on the composite dynamic characteristic. That is, points A, B, 
C, D are points on the composite dynamic curve. These points are 
replotted in Fig. 10-23 to give the composite dynamic curve. 

To find the dynamic characteristic of each tube, the procedure is 
essentially the reverse of that of Sec. 10-8. In particular, consider the 

rcsentation of f M -f M eorre- 
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.« «■ . ^ of e p . But the point in lies 

vertically above this point, by an amount i b2 , and must lie on the plate 

characteristic of the tube. This defines the point A u The other points 

are obtained in a similar way, and the results are shown in Fig. 10-22. 

These points are plotted also in Fig. 10-23. The points A 2 , B t , C 2| D, 

for tube T 2 are obtained by symmetry from the corresponding points of 
tube 71. 

It is interesting to note that the composite dynamic curve is practically 
a straight line, although the individual tube dynamic curves are markedly 
curved. Thus, for a sinusoidal input, the total output current is closely 
sinusoidal, although the current in each tube is not sinusoidal in general. 



nntsii ( ^ vnnmic characteristics and the composite dynamic of the 4 

p -pull amplifier. The waveshapes in each tube and in the output are also shown. 

• \? ly the ° Utput curre,lt is desired, there is no requirement for the 

j• V - j Ua J demies. If the plate-circuit efficiency is required, the 

y 1 1V1 , f u bc dynamics are required in order to calculate the value of 

b an t e d-c component B 0 that results from the partial rectification 

116 rc^ ? curvature of the dynamic. The total d-c power input to the 
amplifier is 2 E bb (I b + Bo ). 

10-iO. Power Output and Distortion in Push-Pull Amplifiers. Owing , 
o e act that the dynamic curve must be an odd function, by virtue of 
e manner of its construction, then for the composite circuit 

h = 0 

= — 7 min (10-36) 

= — I—Yt 

Under these circumstances the five-point schedule of Eq. (2-30) reduces to 

Bo = B 2 = 7? 4 = 0 
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The fundamental power output is given by the expression 


_ (BiYRl _ B 
P ' - \V2) * - 


B\R\ 
8 


(10-38) 


By neglecting the harmonic components of power, the total power is 
given by 

P E m I m 
1 = 


2 


(10-39) 


w 


•here E n and I m denote the peak values of the a-c output voltage and 
current, respectively. These values are obtained directly from the curves 
of Fig. 10-22, since l m = I a and E m = E b - E A , whence 


P = 


(E b - E a )I a 


2 


(10-40) 


To find the maximum output power in the push-pull class A system 
utilizing triodes, use is made of the fact that the load resistance should 
equal the internal resistance of the equivalent or composite generator. 
This follows from Eq. (10-29) for the class A amplifier and requires that 
/f '/4 = r J 2. This requires that the slope of the effective load line must 
be equal to the reciprocal of the composite static characteristic, which 

has a value of r p / 2. 

Suppose that the tubes are operated in push-pull class B. Now, since 
the tubes are biased to cutoff, then either one or the other of the two tubes 
will be supplying current to the circuit and each contributes power for 
one-half of each cycle. Consequently, the equivalent generator Will be 
one with an internal resistance equal to r p of the tube. The maximum 
power under these conditions will be obtained for R[/A = r p . It is 
reasonable to expect that the internal resistance of the equivalent source 
of a push-pull class AB amplifier will lie between the value for the class 
A circuit r p /2 and that for a class B circuit r p . In all cases, however, 
recourse should be had to the composite static characteristics, and then 
R\/A should be set equal to the reciprocal of the slope of these lines. 

The situation for pentodes is different from that discussed above for 
triodes and follows roughly the reasoning of Sec. 10-5. The optimum load 
is that which yields the maximum power with low distortion. The opti¬ 
mum load line is drawn through the point Q' so that it intersects the peak 
composite grid-voltage curve in the neighborhood of the knee of the 
curve. This is illustrated in Fig. 10-21 for the 6F6 tube. 

10-11. Driver Stages for Push-Pull Amplifiers. The driver may be 
considered to comprise the circuit that supplies the two potentials of equal 

hase opposition to the grids of the push-pull power 
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is illustrated in Fig. 10-24. This circuit consists of a simple amplifier 
with a transformer in the output, the secondary of which is center-tapped. 
The characteristics of this stage are determined by the grid driving-power 
requirements of the power amplifier. If the push-pull circuit requires 

• • ^ are no serious requirements 

imposed on the driver stage. If the driver stage is called upon to supply " 

power, and this would seldom exceed 15 per cent of the output of the 

push-pull stage, although it is ordi- 




Fig. 10-24. A simple driver circuit for 
a push-pull amplifier. 


narily less than this amount, the 
driver stage must have a relatively 
low internal resistance if no distor¬ 
tion is to be introduced into the 
grid circuit of the push-pull am¬ 
plifier. It is advisable in such cases 
that a step-down transformer be 


~ ^^ii txaiioiui 

used to couple the driver stage to the push-pull input in order to reduce 
the effective resistance in the grid circuit. 

^ If the power requirements are low, then any one of a wide variety of 
paiaphase circuits may be used. A paraphase circuit is one which 
provides two equal output potentials which are 180 deg apart in phase 
from a single signal source. 

Single-tube Paraphase Amplifier. A single-tube amplifier in whichfthe 
load resistor is divided equally between the plate and cathode circuits 
is the simplest form of paraphase amplifier. The circuit, redrawn for 
convenience in Fig. 10-25, is discussed 
at some length in Sec. 5-4. The re¬ 
sistors Ri and R k have the same value, 
whence the amplitude of the potential 
developed across each is the same, 
since the same current flows through 
each. The polarity is opposite be¬ 
cause the cathode output is fallen from 
the more positive end of R k and the 


Ei 




+ 

'E2 




20 


Fig. 10-25. A single-tube paraphase 
* —- ■ « kja. ±v k auu me amplifier. 

plate output is taken from the less positive end of R,. The analysis of 
t is circuit in Sec. 5-4 shows that the gain of the stage is less than unity 
and is given by the expression 


K f = 


±uR 


= + 




(m + 2 )R -\- r p ju -f- 2 


(10-41) 


Two-tube Paraphase Amplifiers. In the two-tube paraphase amplifier 
one tube is used as a conventional amplifier, and a second tube is used as 
a phase-inverter amplifier. Figure 10-26 illustrates such a circuit. The 
resistors R x and R 2 comprise a potential di 
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conventional amplifier, the ratio of the resistances being chosen so that 
the output of T 1 is equal to the output of T'2. Also, the operating 
conditions of the tubes are carefully chosen to allow the curvature of 
the characteristic of T2 to compensate for the curvature of T 1. dims 
the output potentials relative to ground are both slightly distorted to 
provide a comparatively undistorted po¬ 
tential difference between the output ter¬ 
minals. This method is difficult to apply 
in practice because the adjustments neces¬ 
sary to reduce distortion to a minimum 
are critical. 

A second form of two-tube paraphase 
amplifier employs the differential potential 
between the outputs of two tubes as the 
input signal to the phase-inverter section. 

* This circuit, which is also referred to as the 
floating paraphase amplifier, is illustrated 
in two versions in Fig. 10-2/. 



Fi<;. 10-20. A two-tube paraphase 
amplifier. 


v f » w ^ 

In the circuit of Fig. 10-27a tube T\ is an amplifier to increase the ampli¬ 
tude of the applied waveform. The cathode resistors R kl if not by-passed, 
will provide some degeneration, which will help to reduce distortion. The 
output from T 1 is coupled through C\ to lh and R h both of which have 
the same value as R 2 . The potential which appears across R>. is applied 
to the grid of T'2. The output of T2 is passed through C 2 and is applied 
across lh and Rz- Thus half the output of both 7’1 and T2 appears 



Fig. 10-27. Two forms of floating paraphase amplifiers. 


across R 3. Since these potentials are of opposite polarity, the resultant 
potential across Rz is the difference between these two. The output of 
7T is larger than the out put of T'2, and in order that this difference should 
be kept as small as possible, pentodes are used, so as to take advantage 
of their h igh amplification. 


334 


ELECTRON-TUBE CIRCUITS [Chap. 10 

The feature of the circuit of Fig. 10-276 is that the difference between 
the output potentials is taken care of in the choice of the resistors ^ and 

R2 so that the output potentials have the same amplitude. To do this 
requires that the following condition be satisfied: 

K - 1 . R 2 

K + 1 R x (10-42) 

where K is the gain of the stage. 



Fig. 10-28. A cathode-coupled paraphase amplifier. 


The cathode-coupled paraphase amplifier, which is closely related to 
the cathode-coupled amplifier which was discussed in Sec. 4-10, is illus¬ 
trated graphically in Fig. 10-28. This circuit is used extensively to pro¬ 
vide push-pull deflection potentials for the plates of a cathode-ray tube, 
and also as the driver of a push-pull amplifier. 

An analysis of this amplifier circuit is readily effected in terms of the 
I hdvenin equivalent circuit as viewed from the cathode-ground terminals 





Fig. 10-29. The equivalent circuit of Fig. 10-28 as viewed from the cathode-ground 

terminals. 



The resulting equivalent circuit is given in Fig. 10-29. It follows directly ' / 
from this figure that the potential drop across R k is given by 


E t = — 


j r v Ri 

l! 7+T 


1 . 7 ?*^ 


“h Ri 


+ 1 


R t 


-f r * 


+ Ri 


From this 


M + 1 




UNTUNED POWER AMPLIFIERS 


335 


Notice from this expression that the current Ii is always greater than I 2 . 
For example, for a typical triode with, say, r p = 10,000 ohms and n = 19, 
and with Ri = Rk = 10,000 ohms, Ii/I 2 = 1.10. In general, if the 
magnitude of Ii is not to exceed the magnitude of I 2 by more than, say, 
10 per cent (this requires that — Ii/I 2 ^ 1.1), then 



10 r " 1 ['• 
H -T 1 


It should be observed that the more nearly Ii and I 2 are to be the same, 
the larger must R k be. In fact, the two currents are equal only if 
R k — cc ? an impractical condition. As a result, this circuit can never 
give exactly equal outputs, although by making R i: large compared with 
(r p + Ri)/(n -F 1) almost equal outputs are possible. 

To determine the output potentials, it is noted from the diagram that 


/i 17 I t r p Ri r r p + Ri 

—■—- E 4- ii -7—; I 2 j—y 

M + 1 M “T 1 At i 1 


= 0 


from which 


Ii - I 2 = 


mE 


r P + Ri 


If it is assumed that Ii = -I> approximately, as discussed above, then 

AtE 


II — —1 2 — O 


2 (r p + /?,) 


whence 


E 01 — —E 02 — 


/tE 


02 


2(r p + Ri) 


(10-44) 
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PROBLEMS 

10-1. A 6F6 tube is operated as a triode and supplies power to a 4,000-ohm load. 

\\ ith hu, = 300, E cc — —25 volts and with a peak signal of 25 volts, calculate the 
following: 

a. Output power. 5. Plate-circuit efficiency, 

c. Per cent second-harmonic distortion, d. Plate dissipation. 

10-2. Repeat Prob. 10-1 when the load is transformer-coupled to the tube. 
10-3. It is supposed that the plate dissipation at the operating point is kept 
constant. Prove that for class A operation the plate load is made larger with 
increasing values of Eu, and the plate efficiency increases. 
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10-4. A 6V6 is operated with E» = E c2 = 250 volts and with E cc = -12.5 
volts. The grid signal is sinusoidal, with a peak value of 12.5 volts. Calculate 
the following for a shunt-fed load of 5,000 ohms: 

a. Output power. 6. Total distortion. 

c. Plate dissipation. d. Plate-circuit efficiency. 

10-5. Repeat Prob.10-4 if the load is 2.000 ohins; 8,000 ohms. • « 

10-6. Two GF6 tubes are connected as triodes and are operated in push-pu// 
class A from a 350-volt plate source, with a grid bias of -30 volts. A 30-volt 
peak signal is used. 

а. Draw the composite static characteristics. 

б. From this, determine the plate-plate resistance for maximum output power, 
c. Calculate the power output, third-harmonic distortion, and plate-circuit 

efficiencv. 

% 

10-7. Two 6F6 tubes are connected as pentodes' and are operated in push-pull 
class AB from a 350-volt plate source, with a grid bias of -25 volts. The screen 
potentials are maintained at 250 volts. 

а. Draw the composite static characteristics. 

б. 1 lot the composite dynamic and the dynamic characteristic of each tube. „ 
c. Calculate the output power, third-harmonic distortion, and plate-circuit 

efficiency for a plate-plate resistance of 10,000 ohms. The peak grid signal is 
40 volts. 1 


10-8. Two 2A3 triodes are operated in push-pull with E «, = 300, E ce = -60 
volts. 

a. Draw the composite static characteristic. 

b. From this, determine the plate-plate resistance for maximum power output. 

c. Calculate the power output under these conditions. 

d. Repeat c for y 2 and 2 times the optimum value. 

e. Construct the paths of operation for the individual tubes. 

10-9. A 6N7 zero-bias tube is connected as a class B push-pull audio amplifier 
and is to furnish 10 watts into a dynamic loud-speaker, the voice coil of which 
has a resistance of 8 ohms. A 35:1 step-down transformer is used. The plate j, 
supply is 325 volts. Determine the following: 

a - ^’ c P late current. 6. Grid driving potential. 

10 - 10 . The typical operating characteristics of a 6L6 beam power tube when 

used in push-pull class A are shown below. Values shown are for two-tube unless 
otherwise specified. 


Plate supply. 270 volts 

Screen supply. 270 volts 

Cathode resistor. 125 ohms 

Zero-signal plate current. 134 ma 

Maximum-signal plate current. 145 ma 

Zero-signal plate current. 11 ma 

Maximum-signal screen current. 17 ma 

Plate resistance. 23,500 ohms 

Transconductance. 5,700 n mhos 

Effective load resistance (plate to plate). 5,000 ohms 

Maximum-signal power output. 18.5 watts 


The 6L6 tubes are to supply the 18.5 watts to the grids of a pair of 806 triodes 

which are operating in class B push-pull. The required peak grid driving poten¬ 
tial is 660 volts. ^ 
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a. Calculate the turns ratio of the output transformer. 

b. What is the peak a-c plate potential on each tube? 

c. What is the peak a-c grid-potential swing on each tube? 

c . Does grid current flow during any part of the input cycle? 
e. Calculate the plate-circuit efficiency. 

10-11. The diagram gives the basic circuit of what has been called a single- 
ended push-pull amplifier.* 

a. Prove qualitatively that push-pull operation is achieved with this amplifier. 

b. Choose E g i = -E g 2 . What is the output potential £ 2 ? From this find an 
expression for the power output, and show that it is the same as Eq. (10-29). 



10-12. Verify the conditions (10-42) imposed on the floating paraphase amplL 
fier for balanced output potentials. W hat conditions are imposed on ft 3 ? 

10-13. It is suggested that the paraphase principle be combined with a push- 
pull amplifier to yield push-pull operation without a separate driving source. The 
push-pull amplifier feeds a dynamic speaker. Discuss the suggested operation 
from the point of view of class of operation possible; of distortion. 

* A. Peterson, and D. B. Sinclair, Proc. IRE , 40, 7 (1952). 
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CHAPTER 11 


TUNED POTENTIAL AMPLIFIERS 


Tuned potential amplifiers are used in those cases in which it is desired 
to amplify a relatively narrow band of frequencies centered about some 
designated mean or carrier frequency. Potentials whose frequencies lie 
outside of this range are undesirable and are to be rejected. The use of 
tuned networks accomplishes this, as it is possible to adjust the tuned 
network so that the impedance falls steeply to low values outside of the 



4 


(c) 

Fio. 11-1. The three basic tuned amplifier circuits: (a) single-tuned, direct coupling; 
(b) single-tuned, transformer coupling; (c) double-tuned. 



desired frequency band, with the consequent reduction in amplifier gain 
to negligibly low values. The resulting nonlinear distortion that is 
produced in these amplifiers is very small, both because the stage is 
operated under class A conditions and because the tuned plate-circuit , 
impedance may be very low for any harmonic frequencies that might be 
generated within the tube. 

There are three basic amplifier circuits, and these are illustrated in 
Fig. 11-1. Pentodes are ordinarily used in such amplifiers, and the 
circuits are drawn showing such tubes. In two of these t} r pes, a single 
resonant circuit is used, which may be included directly in the plate 
circuit (direct-coupled) or which may be inductively coupled to the plate 
circuit (transformer-coupled). In 


the third type, a double-tuned ban j 
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pass arrangement is used, both the primary and secondary circuits being 
tuned. An analysis of the operation of each of these amplifier circuits 

will be given. . 

11-1. Single-tuned Direct-coupled Amplifier. The equivalent circuit 

of a typical single-tuned direct-coupled stage is given in Fig. 11-2. 

Included in this diagram are the output tube capacitances [see Fq. (3-23)] 

and the input and wiring capacitances to the following stage. The 

coupling capacitance may be neglected, as this is presumed to be laige. 



>E, 


M * 

Fig 11-2. The equivalent circuit of a single-tuned direct-coupled class A amplifier 


In accordance with the discussion of Sec. 3-7, the gain of the amplifier 
can be written directly as 



(11-D 


where Z is the total load impedance. This impedance has the complex 


form given by 



( 11 - 2 ) 


where Z, is the impedance of the antiresonant circuit and comprises the 
inductance L and the sum of the various capacitances C t = C 2 + C 0 -b C', 
where C 2 is defined as in Eq. (3-23). 

The impedance Z t has the form 


J 




( Rl + juL) 



(11-3) 


which may be written in the form 


Z« = 


T: (■ -; S) 


. «L ( 1 

1 +J Ri V u-l 


-LC 



(11-4) 
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0 )Q = 


Vlc 


s 1 


Q = 


0 ) 
0)0 

0)oL 


( 11 - 5 ) 




1 


R 


0)Q C Rl 


1 
Rl 





the impedance function becomes 


RlQ 


Z« = 




0)0 


0 ) 


1 +jQ 




V*>0 


w_n 

CO 


RlQ 1 
Zt = - 


1 + i -^ 


1 + s +y'Q5(2 + 5) 


(11 - 6 ) 


At resonance co = co 0 , and 5 = 0. Then 


z ( = r l q*( 1 


( 11 - 7 ) 


Since Q for the circuit used is usually high, with Q ^ 10, then with 
good approximation 

Z t = R 0 = RlQ 2 ( 11 - 8 ) 

This result shows that the shunt impedance R 0 of the antiresonant circuit A 
for circuits with Q > 10 is essentially resistive at the resonant frequency. 
By combining Eq. (11-8) with Eq. (11-2), the gain at resonance becomes 


K r „ = 


-g 


m 


Q7nO)oLQ 


1 + T + 1 


R, 


RlQ 2 


J 0)qLQ ^ 0)qLQ 


(11-9) 


R , 


This expression may be written in the form 


ICrcs — g m O) 0 LQ c 


( 11 - 10 ) * 1 


where Q„ the effective Q of the amplifier, is 


Qc = 


Q 


(11-11) 


1 + « 0 LQ/r p + u 0 LQ/R a 

This is the equivalent Q of the resonance curve of the tuned amplifier and 

is the Q of the actual resonant circuit as modified by the shunting resist¬ 
ances R„ and r„. 
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To find the gain of the amplifier when the input frequency and the 
resonant frequency of the tuned circuit are slightly different from each 



other, it is supposed that o> = o> 0 , whence o is small. From Eq. (11-6), it 
follows that 



L -J(\ 91 

1 + 2j8Q 


RiQ* 

1 + 2 ]8Q 


( 11 - 12 ) 


The corresponding value of the gain, given by Eq. (11-!)), is 



0 


rn 


7 + 


l 

R, 


, 1 +_ 2 jbQ 
' " HlQ 3 


The gain ratio K/K r „ is then 


(11-13) 


K _ 1 

K r „ 1 + j2SQ e (11-14) 

from which the amplitude ratio is 

A = _ 1 

K "‘ vTTW^T 2 (11 ' 15) 

A plot of these results is given in Fig. 11-3. This is essentially the “uni- 
versal resonance” curve. Note from Eq. (11-15) that when 
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K 


K 


res 


V2 


But since the bandwidth of the circuit is the frequency width between 
the 3-db power points, then for a symmetrical gain characteristic 

B = 2(/„„ - /„) = ~ /o)/o 

Jo 


or 


5 — 2Szdbfo = 


( 11 - 16 ) 


In order that the potential gain at resonance be large, the resonant 
impedance of the tuned circuit, and the grid resistor R g , must be large. 
It might appear from Eq. (11-10) that higher gains are accomplished by 
choosing large values of L/C. Note, however, from Eqs. (11-5) and 
(11-8) that an increase of Z t at resonance by increasing the L/C ratio 
is accompanied by a decreased Q e , with a corresponding increase of 
bandwidth or decreased frequency selectivity. Tins is an undesirable 
condition if a narrow bandwidth is desired, but it is an important con¬ 
sideration in wide-band tuned amplifiers. Note also that if the circuit 
Q of the tuned circuit is increased at fixed values of w 0 and L/C ratio, 
then the effective Q t of the amplifier is increased, with a corresponding 
increase of frequency selectivity or decreased bandwidth. 

11-2. Single-tuned Transformer-coupled Amplifier. The general be¬ 
havior of the single-tuned transiormer-coupled amplifier is quite similar 
G p to that of the direct-coupled circuit. 

To examine the operation of the 
circuit in some detail, refer to Fig. 

11-4, which gives the equivalent cir¬ 
cuit of this amplifier. An approxi¬ 
mate expression for the potential 
gain of the amplifier is readily ob¬ 
tained. If it is noted that r p is 

usually large compared with R \ and 

A • • _ 



Fig. 11-4. The equivalent circuit of the 
single-tuned transformer-coupled poten¬ 
tial amplifier. 


ojLi, then the potential induced in the secondary of the transformer is given 

by 

E.-nd = juM (j.E„) = ju,M(g„ E.) (U-17) 

since in this circuit E* = E,. The output potential, which is the poten¬ 
tial across the capacitor C 2 , is then 

j<aM(g m Ei) 
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where c o-M 2 /r p is the reflected impedance of the primary into the second¬ 
ary circuit. The expression for the gain then becomes 



_ hM/C 2 _ 

r p[R 2 + — l/tijCo)] -j" W W 2 


(11-19) 


The corresponding expression for the potential gain at resonance is 


K res = 


iiM/C 2 


TpRi T- ojqM 2 


This result may also be expressed in terms of Q 2 = w 0 L 2 /R 2 
and is 


K r ,, = g 


u>oM Q 


rn 


1 + t*lAP/r p R 2 


which may be written as 


^r«s 


where the effective value Q e is 

Qe = 


Q 


1 + o>lM 2 /r p R 2 


( 11 - 20 ) 


1 / < JO0C2R0 


(H-21) 

( 11 - 22 ) 

(11-23) 


A comparison of tins expression with Eq. (11-10) shows that trans¬ 
former coupling modifies the amplification by the ratio M/L. This 
provides a means for controlling the gain of the stage and still retaining 
the high Q required for selectivity. It might appear that there are no 
limits on the gain and that it continues to increase with increasing values 
of M. This is not so, owing to the appearance of M in the denominator 
of Eq. (11-20). An optimum value of gain exists, and this occurs when M 
has the value required to make dIC res /dM = 0. This yields, for the 
optimum value of M, 


dKres = m/C 2 _ (nM/C 2 )2a> 2 n M 

dM t p R 2 -f- (j>qM 2 (r p /? 2 T «*M 2 ) 2 ^ 

or 



Equation (11-21J becomes 


V r p R\ 

o>0 


^■rct.opl 



Vr p R 2 Q 2 

2 



(11-24) 


(11-25) 


To find the bandwidth of the amplifier, consider the general expression 
for the gain given b y Eq. (11-19). By writing, as before, 
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and noting that in the neighborhood of resonance 


Ct)Z/2 


Eq. (11-19) becomes 




r p R 


hM/C 2 

1 _ 


1 + 3^-26 




2 M' ! 


The gain ratio [Eqs. (11-28) to (11-20)] then becomes 


(11-26) 


(11-27) 

(11-28) 


1 + f26Q, (U " 29) 

which has the same form as for the direct-coupled connection [Eq. (11-14)]. 

T. he bandwidth of this amplifier is, following the same reasoning as that 
which led to Eq. (11-16), 

B = ^ (11-30) J| 

The optimum value of M is not of much importance, owing to practical 
limitations. This follows from Eq. (11-24), which shows that for pen¬ 
todes, with the corresponding large values of r p , the value of M would be 
large. In fact, to achieve these values of M , the distributed capacitances 
of the windings may become excessive, and the self-resonant frequency 
may be so low as to make the coils useless. Owing to this, the mutual 

inductance is usually chosen far below the optimum value in the pentode 
amplifier. • y 

11-3. The Double-tuned Amplifier. Both the single-tuned direct- 
coupled amplifier and the double-tuned amplifier are extensively used 
in radar, television, and communication receivers. For the i-f ampli~ 
fiers of both a-m and f-m types, the double-tuned amplifier is commonly 
used. This is so because such an amplifier can provide substantially 
constant amplification over a band of frequencies and the gain falls more 
sharply outside of this band than does the single-tuned stage. __ 

To examine the operation of the eirmiit. rpfpr to 
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of the amplifier given in Fig. 11-5. This circuit can be further simplified 
by applying Thevenin’s theorem to the portion of the circuit to the left 
of the points aa. The equivalent generator has the potential 


E = 


_ mE^I/jwCi) 


r P + 1/icoC, 


(11-31) 


where C\ = C' p + C". But since 
r p > 1/wCi for the pentode, then 
with good approximation 



E = - 


mE 


g m E 


jur p Ci juC 


(11-32) 


Fig. 11-5. The equivalent circuit of a 
double-tuned amplifier. 


The internal impedance of the equivalent generator will have the value 


Z = 


r P (l/jwCi) 


r p + I/jcdC, 


which is, to the same approximation as above, 



Z = - 


1 


joC 


1 


(11-33) 


Fig. 11-6. The equivalent series form of 
Fig. 11-5. 


Then the equivalent circuit of Fig. 
11-5 reduces to the form of Fig. 
11-G. 

This circuit is analyzed by the 


V/Uiu aiicll YZeu r 

standard methods of network analysis. Accordingly, if one writes 


E — puli + p 12 I, 

0 = P12I1 + P22I2 


(11-34) 


then the current in the secondary is 


I, = — 


Eo 


12 


P11P22 ~ pr 2 


(11-35) 


where 


pi 1 — Ri T j ( o>Li — 


1 


p 12 = juM 


<oC\ 


P22 


— R2 + j (o>L 2 — —■ 


(11-36) 


The gain of the amplifier becomes 


K = 


E_2 = (gm/jaCMlfjuCJicoM 

^ Pllp22 — P 12 


(11-37) 



>t ed t hat both circuits are tuned to the same resonant 
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frequency. Thus 


0)Q = 


Also define* 


Cl = 


q 2 = 


and write 


a = 


1 

1 

VLiCr 

VL 2 C 2 

cooLi 

1 

Ri 

cooO 1 R 1 

1 

04 

3 

1 

R 2 

(*>o C 2 R 2 

0)oM 

= k VQiQ 

\/ R\R 2 


(11-38) 


Then, by Eq. (11-27), 


Pn = R\+ j (uLi — = #i(l + j2bQi) 


Similarly p 22 = R 2 {\ + j28Q 2 ) 

and P 12 = jo)M 


(11-39) 


The expression for the gain [Eq. (11-37)] then becomes for frequencies near 
resonance 

_ / 0)qC\C 2 ) 


K = 


RiR 2 (1 +j‘26Q 1 )(l + j28Q 2 ) + ulM 2 


K = 


-jg m QiQ* VRiR 

VR1R2 


or finally 


1 + cojjM 2 /RiRz + 2jS(Q 1 + Qt) - 4 VQ& 


■R - _ _ jctQmQiQi y/R1R2 

1 + a 2 + j28(Q 1 + Q t ) - 48’QiQi 


(11-40) 


The gain at resonance is obtained by setting 8 = 0 in this expression. 
There results 


K rea = 


_ —jagmQiQi V R\R 

1 + a 2 


(11-41) 


The gain ratio at frequencies slightly different from resonance is given by 




(, _ 4 8 2 Q,Q 2 \ 

\ l+a 2 ) 


, . 25(Qi -f- Qz) 
+J 


(11-42) 


% i 


The exact shape of the response curve of the double-tuned system 
depends upon the parameter a, or, correspondingly, on k, the coefficient 
of coupling between the primary and secondary coils. The resonant gam 


* If the amplifier is one of a chain, the loading effect of the following stage should 
be included 
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is a maximum when a = 1, as may be verified by examining dK/da = 0. 
Moreover, if the primary and secondary Q values are the same and a = 1, 
the response curve has the maximum possible single-peak flatness in the 
vicinity of resonance. This is the condition for critical coupling k c . A 
value of a greater than unity (overcoupling) results in double peaks, 
whereas a value of a less than unity (undcrcoupling) causes the response 
to be rounded on the top. If the circuit is considerably undercoupled, 
then the gain may be less than that at resonance. The situation dis¬ 
cussed is illustrated graphically in Fig. 11-7. 

An analytic expression for the positions of the peaks in the output of 
the overcoupled circuit is readily possible. These are given, of course, by 
the values of frequency at which Eq. (11-40) is a maximum. To find these 



6Q 


Fig. 11-7. The response characteristics of a double-tuned amplifier for various values of 
coupling. 

values, it is noted that the gain is a maximum without regard to the phase. 
Thus the square of the absolute value of Eq. (11-40) is differentiated with 
respect to <5 and maximized. The results are 


\K\* - y/RiIiiY (i + a * - 4+ [25(Q I + Q 2 )p 

and the derivative d\K\ 2 /db = 0 yields 


1 a 2 — = 


«?i + Q 2) 2 

2QiQ 2 


from which 



(11-43) 


(11-44) 


Frequently the circuits are designed with Q 1 = Q 2 . Even if this condi¬ 
tion is not true, ordinarily Q y does not differ too markedly from Q 2 , and 
it is possible to assume that 


. Q\ + Q 2 
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5 = ± W ,i2 -ok 


(11-45) 


which becomes, in the manner of representation of Fig. 11-7, simply 


Q1Q2 = ± y&y/a 2 — 1 


(11-46) 


The value of the gain at either peak K mtiX is obtained by combining 
Eq. (11-46) with (11-40). The result is 


K max — —j(g m QiQ2\^RiR2) 


2(1 + ; Va 2 - 1) 


or 


= y 2 (g m QiQ2 VR1R2) 


(11-47) 


This shows that for the overcoupled-case the maximum gain is the same 
as that for critical coupling a = 1, and at resonance 5 = 0. 

The gain at the dip, at the frequency w 0 , can be found readily by setting 
5 = 0 in Eq. (11-40). The result is 


min 


= -j(g m QiQi VRiR*) t-?— 

1 -f- CL 


or 


mm 


= gmQ\Q 2 V R\R 


1 a 


(11-48) 


It follows from Eqs. (11-46) and (11-47) that increased coupling in- 1 
creases the frequency separation of two peaks but does not change their 
amplitudes. If the coupling is very large, then the approximation made 
in Eq. (11-40) is no longer valid. The effect of the factor w/wo in this 
equation is to increase the lower frequency maximum and decrease the 
higher frequency maximum. 

The corresponding dependence of the current in the primary winding 
on the frequency is of some interest. It is obtained directly by solving 
Eq. (11-34) for I 1# The results are illustrated in Fig. 11-8. For the case 
when the coefficient of coupling k is small, the secondary circuit has little 
effect in the primary, and the resulting response is essentially that of 
the simple resonant circuit. When k = k c , the reflected resistance from 
the secondary decreases the current at resonance. On each side of 
resonance, the reflected reactance is either inductive (below resonance) 
or capacitive (above resonance). A point is reached on each side of 
resonance when the reflected reactances cancel the primary reactances, 
which are capacitive below resonance and inductive above resonance. 

As a result, the current shows peaks. For values k > k c , the double 
peak_in_ the primary circuit becomes more pronou nced. 
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For the case where the primary and secondary Q values are not the 
same, Aiken 1 has shown that a somewhat higher value of k is needed to 
produce double peaks in the secondary. The flattest selectivity curve 
may be shown to occur when 


2 Vq 2 + Qi 


(11-49) 


although the mid-band gain is not a maximum under these conditions. 
When Eq. (11-49) is satisfied, the circuit is said to be transitionally 
coupled. The transitional value of coupling coefficient is, by Eqs. (11-49) 
and (11-38), 


kt = 



(11-50) 


For a coupling coefficient larger than this value, the selectivity curve 
divides into two peaks. For values less than this, the curve has a single 

peak. 



Fig. 11-8. The primary current of a double-tuned amplifier, corresponding to the 
conditions of Fig. 11-7. 

For different primary and secondary i) values, but with L x = L 2 = L, 
and for k greater than the transitional coupling coefficient k t , Aiken has 
shown that the frequency spread between peaks is 


7 




Au = t J(u> 0 A/) 2 -. R l + R l 


(11-51) 


If Ri = R 2 = R , this becomes 


Au = j V (uoM) 2 - R 2 


from which it follows that 

A co 1 


V{uoM) 2 - R 2 = Vk 2 - kl 




(11-52) 
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The dip at resonance when k exceeds k t is a function of the ratio k/k e , 

Aiken shows this relation to have the form illustrated in Fig. 11-9. The 

bandwidth over which the response remains above the center value is 
V2 A/. 


It is interesting to compare the gain of the double-tuned circuit with a 

single-tuned circuit having the same Q. The gains of the two circuits at 

resonance are given by Eqs. (11-10), and (11-41) for optimum value of a, 
and are 


Single-tuned direct-coupled: K rea = - g m o>oLQ e 

Double tuned (with a = 1 and identical coils) : 


K res — j0.5g m Q 2 R — —j0.5g m cooLQ 

It is observed that for critical coupling the gains at resonance of the two 
amplifiers are identical if it is assumed that the tuning capacitance of the 



individual tuned circuit in the double-tuned circuit is one-half the tuning 
capacitance for the single-tuned case. 

Despite the fact that the response characteristics are optimum under 
critical coupling conditions, the transformers in narrow-band double- 
tuned amplifiers are usually undercoupled slightly. This is done in 
order that the frequenc}' alignment of the tuned circuits may be made 
easier, since, with undercoupled stages, each stage can be adjusted sepa¬ 
rately to give maximum response at the specified frequency. If over- » 
coupled circuits exist, owing to the interactions between coils and the 
resulting double peak, this alignment is more critical. The critical 
coupling case is likewise difficult to align. 

The bandwidth of the amplifier, under optimum conditions a = 1 anC ^ 
with equal primary and secondary values of Q, is readily calculated. 

Under these conditions Eq. (11-42) becomes 

K 


1 
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and the magnitude becomes 

K 1 

Kre> \/l + 45 4 Q 4 


(11-54) 


Since, by definition, the bandwidth gives a measure of the frequency 
spread over which the gain remains within 3 db of the maximum value, 


then 



from which it follows that the bandwidth is 


B = ‘26/o = V? 


(11-55) 


A comparison of this result with Eq. (11-16) for the single-tuned stage 
shows that the 3-db bandwidth of the double-tuned circuit is 1.414 times 
that of the single-tuned stage. 

11-4. Cascaded Tuned Amplifiers. It is frequently necessary to incor¬ 
porate more than one stage of amplification in a given amplifier. 
Although such a practice provides a higher gain, this higher gain is 
accompanied by a narrower bandwidth than for the single stage. The 
situation here is sensibly the same as that which was considered in Sec. 
4-7. Analytic expressions for the effect of cascading identical amplifiers 
are readily possible, following the previous method of analysis. 

Consider first n single-tuned stages in cascade. The gain of such an 
n-stage amplifier becomes, from Eq. (11-15), 




1 

[1 + (25Q.) 2 ] n/2 


(11-56) 


To find the corresponding bandwidth, it is noted that 


from which 


[1 + (26<3.) 2 ]" /2 = V2 
1 + (26 Q,y = 2 ,/n 


/ so that 

28Q, = V2 1/n - 1 


But the bandwidth is given by 



(11-57) 


This may be expressed in terms of the bandwidth of the single stage B h in 
the form 



(11-58) 
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Table 4-1 gives the bandwidth reduction function \/2 1/n — 1. It is 

seen, for example, that two stages in cascade have a bandwidth that is 

only 0.64 times that of a single stage. To maintain a given bandwidth, 

it is accordingly necessary that the Q of the individual stages be decreased 
as the number of stages is increased. 

A corresponding expression is possible for the double-tuned amplifier. 

For such an n-stage amplifier, with critical coupling a = 1 and equal 

primary and secondary values of Q, the relative gain becomes, from Eq. 
(11-54), 

(JLY _ 1 

\K res ) (1 + 4 6<Q*) n/2 

It follows from this that 



The bandwidth of the n-stage amplifier then has the form 


®- - ** - 2 % 

which may be written in terms of one-stage bandwidth as 

B 2n = B 2 \/2 1/n - 1 (11-59) 

The bandwidth reduction factor is tabulated in Table 11-1. Fora 
two-stage double-tuned amplifier with the coils critically coupled, the 
bandwidth is 0.802 times that of the single-stage amplifier. Note that 


TABLE 11-1 

THE DOUBLE-TUNED-AMPLIFIER BANDWIDTH REDUCTION 

FACTOR FO R q = l 

n \/ 2 1/n — 1 


1 

2 

3 

4 

5 

6 

7 

8 


1.00 

0.802 

0.713 

0.659 

0.622 

0.592 

0.568 

0.548 


this reduction is considerably less than the corresponding reduction of the 

two-stage single-tuned amplifier. This arises from the fact that the 

amplification or selectivity curve of the double-tuned amplifier has 

steeper sides than that of the single-tuned circuit and with successive 
stages drops away less ra 
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ticular, an ideal amplifier with a rectangular response curve would show 
no bandwidth reduction with the addition ot successive stages. 

11-5. Gain-Bandwidth Product.* It is of interest to tabulate the gain 
at resonance of the three amplifier circuits that have been studied. 1 hese 

follow: 

Single-tuned direct-coupled: K re , = —g m ml»Qe 

Single-tuned transformer-coupled: K res 0 m 0)0 MQ. _ 

Double-tuned: = —jO.ogmQiQt ‘s/R\Rt 

These expressions may be interpreted as showing that the gain in each 

case has the form 

K re , = g„Z ( n - G °) 

where g m is the transc'onduetapce of the tube and Z is the effective 
impedance of the load. Moreover, the foregoing analyses tor these 
amplifiers show that the bandwidth in each case varies inversely with the 
effective Q of the tuned circuit. Clearly, therefore, the higher gains are 

accompanied by a decreasing bandwidth. 

The gain-bandwidth product of the single-tuned direct-coupled ampli¬ 
fier is obtained by combining Eq. (11-10) withEq. (11-10). There results 


K res B QdJ J 0 c ^ 


9m 27r 


which may be written in the form 


KrcsB = 


(Jm 

2ttC 


In the limit where the capacitance C is due only to interelectrode capaci¬ 
tances, the limiting gain-bandwidth product is 

Qm 


KrcsB = 


27r(Ciu + Cout) 


(11-61) 


and is the same value as found in Sec. 4-7 for the RC amplifier. 

The gain-bandwidth product of the double-tuned amplifier is found by 

combining Eq. (11-41) with Eq. (11-55) and is 

K„,B = 2= (h(h y/TFJTi V2 

2 VUi (h 

1 


= VQiQtRiRt ~ 

V 2 Zir 

1 


= 9 


tn 




2tt y/2 VC 0 ul C 4 


(11-62) 


This expression shows that the gain-bandwidth product of the double- 
tuned amplifier is \/2 as great as that for the single-tuned circuit. That 
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is, by splitting the tube input and output capacitances by the use of the 
double-tuned circuit, there is an increase in the gain-bandwidth product. 

11-6. Stagger Tuning. 2 If it is desired to build a wide-band high-gain 
amplifier, one procedure is to use either single-tuned or double-tuned 
circuits which have been heavily loaded so as to increase the bandwidth. 
The gain per stage is correspondingly reduced, by virtue of the constant 
gain-bandwidth product. The use ot a cascaded chain of stages will 
provide for the desired gain. For example, a particular amplifier com¬ 
prising nine cascaded single-tuned stages each having a 6 Me bandwidth 
has an over-all bandwidth of 1.7 Me. A nine cascaded chain of double- 
tuned amplifiers, each also of 6 Me bandwidth, yields an over-all band¬ 
width of 3.2 Me. Generally, for a specified gain and bandwidth the 
double-tuned cascaded amplifier is preferred, since fewer tubes are often 



Fig. 11-10. The adjustments of frequency of a stagger-tuned pair. 



possible, and also since the pass-band characteristics of the double-iuncu 
cascaded chain are more favorable, falling more rapidly outside the pass 
band. From practical considerations, the double-tuned stages are more 
difficult to align, and they also are more sensitive to variations in tube 
capacitance and coil inductance than the single-tuned circuits. 

A means is available for achieving the large bandwidth and other 
characteristics of double-tuned circuits by using single-tuned circuits. 
This consists in taking two single-tuned circuits of a certain bandwidth, 
and displacing, or “staggering/' their resonance peaks by an amount 
equal to their bandwidth. The resultant staggered pair will have a band¬ 
width that is \/2 times as great as that of each of the individual single- 
tuned circuits making up the pair; the over-all selectivity function will be 
identical in form with that of a single-stage double-tuned system. The 

general situation is illustrated in Fig. 11-10. 

An analytic expression is readily obtained for the over-all character¬ 
istics of the stagger-tuned pair. If it is noted that the general selectivity 

ii _ -i „ i _——i ~i 
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K 


1 


1 


K re , 1 + j2b(), 1+jx 


and the bandwidth between the 3-db points is, irom Eq. (11-16), 


then the corresponding 
respectively, 


B = 2b fa = jj 

selectivity functions of the two circuits are, 


K 


1 


K 


res/ 1 


1 + j( x + 1) 


and 


K 


1 


K 


res 


1 + j{x - 1) 


By multiplying the selectivity functions together, there results 

K \ / K \ 1 


K 


res/ 1 


K 


res 


2 - x 2 + 2 jx 


The magnitude of the resulting function is 

1 



1 


1 


-v/4 + x 4 2 VI + 45JQ 4 


(11-63) 


where 6 0 is the value of 5 referred to the new frequency co 0 and where Q 
is the value of Q e for each circuit referred to w 0 . A comparison of this 
expression with Eq. (11-54) for the double-timed circuit shows that the 

forms of the variation are identical. 

It is of some interest to compare the gain-bandwidth products of the 
following: two synchronously tuned stages, a stagger-tuned pair, two 
synchronously tuned double-tuned stages. The results are found to be, 
respectively, O.G43K 2 £i, 0.707K 2 B U 1.13 K 2 B X . Thus, not only are the 

resultant gain-bandwidth products higher for the more complicated 
coupling systems, but the selecti\ it\ is also better. 

The advantage of stagger-tuned amplifiers, and the principle may be 
extended to stagger triples (and to stagger ri-uples in general), lies in 
the fact that simple single-tuned circuits are used throughout. This 
makes the alignment of the stages relatively easy, especially if stagger 
triples or higher were to be used, since no interaction exists among tuning 
elements of the several stages. To attempt a triple-tuned single-stage 
coupling network proves an almost impossible practical tuning task. A 
practical disadvantage of the stagger-tuned circuit exists which makes 
the double-tuned circuit preferable and often almost necessary for 60 Me 
and above. The input impedance of an amplifier stage at these high 

several thousand ohms. 
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This input loading of the tuned circuit of the previous stage may make it 
almost impossible to effect stagger tuning for a prescribed over-all band¬ 
width, whereas this loading affects the double-tuned response character¬ 
istics to a lesser degree, with a consequent less stringent restriction on the 
operation. ° I 

As noted, the principle of stagger tuning can be extended, and staggered 
tiiples ha\ e been used in radar receivers. In this case a centered single- 
tuned ciicuit of relative bandwidth 2 and relative resonant gain 34 i s 
combined with two single-tuned circuits, each of relative bandwidth 1 
and relative gain 1, staggered so that their resonance peaks are + \/3/2 
10 m the band center. The resulting sensitivity function is of the form 

K 1 

j7- = — 7 -_ ( 11 - 64 ) 

& res y /1 -j- $6 

This selectivity function has the same form as that for an optimally flat 
triple-tuned circuit. 

11-7. The Parallel- or Twin-T Circuit. 3 The use of RLC resonant net¬ 
works for achieving band-pass am¬ 
plifiers with high selectivity has 
been considered in some detail in 
the foregoing sections. Such am¬ 
plifiers are not suitable for use at 
the low frequencies, since it is diffi¬ 
cult to obtain high-Q coils at the 
low frequencies, and moreover the 
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Fig. 11-11. The parallel-T circuit. 


low irequencies, ana moreovtu 

ciicuits become rather bulky at these lower frequencies. In fact, a tuned 
ciicuit which has a high Q at, say, 30 cps would be extremely difficult to 
build. Fortunately, a number of RC networks possess frequency-selective 
properties like those of resonant and band-pass filter sections. They 
have, as a result, found widespread application. The parallel-, or twin-T, 
circuit is one of this type and will be examined in some detail. 
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Fig. 11-12. The parallel-T circuit drawn for a junction analysis. 

The form of the parallel-T circuit to be analyzed is illustrated in Fig- 
^ hile this is not the most general choice of parameter, it is a form 
which has received widespread use. To analyze this network, the 

current-source form of the network is used, and the circuit is rearranged 
as in Fig. 11-12. The ‘ 
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form by inspection. It is 

2 (G + jcon 2 C) GEi 0 

-G 0 -juC 

0 juCEi 2 

Ez = I 2(G + jun 2 C) 6 

—G G juC j^C 

0 —juC 2 ^ + ju>cj I 

The expansion of these determinants yields 

Eo 1 - uhi'-R'-C 2 

Ji “ 1 - C oVR 2 C 2 +j2(n 2 + l)c oRC 


> Now define the quantity 



1 




(11-65) 


(11-66) 


(11-67) 


and combine with the above. 1 his gi\e.> 


E 2 

Ei 


1 - 


CO 

OJo 


1 — (cj/gju)' 2 __ 

1 2(n~ + 1) eo 


\0 (percent) 


+ J 


n 


25 


coo 


which assumes the form 


i 

M * 


6 = 


E, 

Ei 


1 


/ 


CO / coo 


2 (n 2 + 1) 


* 3 1 — (co/too) 2 




(11-68) 
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A plot showing the variation of 3 as 
a function of co/coo for ft = 1 is given 
in Fig. 11-13. Note that the ratios 
E 2 /Ei are the same for equal values 

oo/cuo and GOo/cO. 

It should be observed that a*t reso¬ 
nance E 2 = 0, and the network may 

be terminated in any impedance Z across the terminals without any effect. 
However, a finite terminating Z will greatly affect the frequency-response 
characteristics of the network, except at the resonant value, although the 
general characteristics remain substantially unchanged." For example, if 


uj/coq -+■ 

Fig. 11-13. The relation between E 2 /E 1 
and w/u>o for the parallel-T circuit. 
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response is seriously affected, the selectivity is poor, and the curve is no 
longer symmetrical about the resonant point. 

To find the bandwidth of the network, write 


Osii _ 2* 

COO CO 

Equation (11-68) then becomes 



1 


, .2 7i 2 + 1 

1 


(11-69) 

(11-70) 


But the bandwidth is defined by the requirement that the amplitude ratio 
fall by 3 db over the frequency range. This occurs when 


2_ n 2 + 1 
n 


n b = 2 


n 2 + 1 


n 


But for co = co 0 


= 


CO 


2 _ /.,2 


w 0 ( w “f" COq) (cO — COq) 


COCOo 


COo 


= 2 


A co 

CO 0 


Hence it is seen that the bandwidth is given by 


(11-71) 


B = 2Aco = ^ (11-72) 

As already noted, if the network is loaded, the sharpness of the null 

point will be affected, and the bandwidth or the Q of the network will be k 

correspondingly changed. It is of importance therefore that the input 

impedance of the network be ascertained. This is readily accomplished 

by noting from Fig. 11-12 that the total current from source Ei is made up 

of two components, that toward junction 1 and that toward junction 3. 
Evidently 

i! = E^G+icoC) (11-73) 

which is 


so that 


T _ T7 1 + juCR 
I, _ E1 —-— 

7 _ E, _ R R 

1 Ii 1 + juCR •, , . nuCR 


At the resonant frequency naiCR = 1, and for n = 1 




(11-74) 
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In fact, Zi does not vary rapidly in the neighborhood of resonance, and 
this expression may be used for Z x for ordinary calculations. Attention 
is also called to fact that the network is symmetrical, so that Z> = Zi. 

For the normal circuit parameters used, the output impedance is fairly 
large. Consequently a load of several megohms might still constitute an 
appreciable load on the network. This fact will dictate both the location 
of the grid resistor when such a network is used in an amplifier and also 
the form of the amplifier circuit. Moreover, the network is inherently a 
rejection device, and its use in a cascade circuit with the network in 
either the input or the output of an amplifier will provide a rejection, or 
“notch;” type of device. By combining the network in appropriately 
chosen feedback circuits, a frequency-selective band-pass amplifier may 
be achieved. The simplest form is sketched in Fig. 11-14. Loading of 






4 ' 




the output of the network is avoided by injecting the signal in the cathode 
circuit. To avoid loading of the input, more elaborate circuits must be 

used. 

Three circuits incorporating such parallel-T networks in negative feed¬ 
back amplifiers are given in Fig. 11-15. 

The output response characteristics of such amplifiers are of consider¬ 
able interest. Observe that in these circuits 5 = 0 at the resonant fre¬ 
quency and for all other frequencies. Consequently feedback 

occurs at all frequencies except at the frequency o> 0 at which 5 = 0. 
Thus the circuits have maximum gain at o> 0 , and, owing to the feedback, 
the gain falls at all other frequencies. This means that the circuit 
attenuates all frequencies except a> 0 , so that a “band-pass” amplifier 
does exist. 

If the nominal gain of the amplifier is K, then with feedback the form 
will be 



(11-76) 
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Now combine this expression with Eq. (11-70). The result is 




1 - K 


1 


. . 2 n- + 1 

1 


Then 



from which it follows that 


K 


1 



. 2 n 2 + 1 


J 


o 


n 


. 2 n 2 + 1 





1 + 


a ! '4 j ) 


1 - K| 2 + 


2 n 2 + 1 


o 
- ■» 


n 


(11-77) 


111 -78) 


It is of interest to define the effective Q of this circuit, as a basis of 
comparison with an HLC circuit. At the half-power points the gain ratio 
must be 1 /a/ 2, whence 


1 + 


(2_ H“ + l \ 
« / 


|1 - K i 2 + to 6 


2 n 2 T 1 


1 

2 


n 


Upon solving for 9. b from this expression, there results 


4 




= o 2 

|1 - K| 2 - 2 “' 6 


i Also, when -K » 1, which is the usual case, 

^ 2 (n- 4- 1 )/n 
K 

But by Eq. (11-72) 


% = 


Then 


Q = 


a-i 

K 


(11-79) 


Ordinarily K is negative and greater than 1. Then when |1 - K| 2 » 2, 

o = 2(n 2 4- 1 )/n 
|1 - K| 


(11-80) 


(11-81) 
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I he use of a pentode in a single-tube parallel-T feedback circuit will 
ordinarily have a nominal gain of 100 or more at audio frequencies. 
Consequently such an amplifier with a parallel-T loop becomes equivalent 
to a resonant circuit with a Q of the order of 25 or more, for n = 1. A 
triode amplifier will, because of the lower gain, give a lower effective Q. 
However, this may be ample for many applications. Of course the cas- 
code circuit of Fig. ll-15c has a high gain with triodes and will yield 
appreciable Q values. 

11-8. The Bridged-T and Wien-bridge Circuits. The parallel-T cir¬ 
cuit discussed in the foregoing section is only one of a number of different 

TABLE 11-2 

FREQUENCY-SELECTIVE RC NETWORKS 



2. Bridged T 

Ci>o = 

0 = 





= 1 for n = 1 



3. Wien bridge 




_ 1 _ 

. 3a)/u} 0 

1 - (cu/tuo)* 



RC frequency-selective networks which may be used to yield band-pa ss 
characteristics somewhat like the RLC tuned resonant circuits. Among 


others, 4 the bridged-T (in several forms) and the Wien-bridge networks 
also have the desired characteristics. The final results are tabulated 
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PROBLEMS 

u-i. a os!, « T o » .tatataj- 

volts, b'ci ~ 1M ' olts > and Arc! , = 1 •> X 10° ohms. A 

BBStysSStt Kii on . a> -i.H .-«** 

" e KS2 J£... r taj -- — IX'S-.c 

tuned to 1,100 kr, it is found that the handwidth is IS kr. 

''’uTn is discussed in the text that the response of the single-tuned direct- 

JJd " ... .. . ... ‘ , “ Bl “ « " 

given by either Eq. (11-14) or Eq. (11-29). _ ^ 

a. Calculate the error in each case foi Q - 3, 5 \e . 

. «*> •* •** -Tie 

.u.„«. *»i. »,i"»^tal. TO. tank » t.n«l 
l = 0.5 mh, Q = 00. Assume for the hMx, that r v - 10 ohms, g m 

/i mhos. Determine: 

a. Gain at resonance. 

b. Gain at resonance if detector is removed. 

c. Bandwidth with and without the detector circuit. 



T 

11-6. A direct-coupled single-tuned amplifier has a bandwidth of 15 0 ^c *nd a 
resonant shunt impedance of 50 kilohms. What must be t le \ a uc over 

ing resistance across the tank if the gain is to be constant within 1 

the 150-kc band? , , , . -n Uc when 

11-6. A direct-coupled single-tuned amplifier has a bandwidth of oO kc, 

C = 25 n M f. Calculate the bandwidth if C is increased to 100 n (if, and. 
a. If the resonant frequency is kept constant. 
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Two equalffiSdTSS'»“f,??•*,« ‘ *« t»„d •» 800 h. 
other of which is 5 000 cds off Lna 1 1S 50 C P S off resonance and the 

the output of the amplifier? ^ What wiU the «“PKtude ratio be in 

•«“Ale. * - >“» * ^width "m* 

a- Calculate the maximum impedance and the value of L 
less'than e 3o"de a g ? QUenCy ^ “ ““ ^ pha * shift through this amplifier 

circuit) - lled waiima ? 

circuits tuned to the same resonant frequenc^' ‘ 2 Parallel reS ° nant 


T1 


Z, 


X2in 


T2 


and 1 /r^, wher^cTand c! are'the th j* t ? ’” 2 is much lar 6 er than ° h 0,1 

resonance. ‘ 1Unt confiu ctances of the tuned circuits at 

of the S a U mp e iifier! a^hotThaT^^same zsthTT*™ l° r Td™ W 

stage with a parallel resonant interstage network [L 

utihzfng^a^^n^le^g'tiJ^j 1 . aascod ® amp iii* er over that of a single-stage circuit 
operating chaTaeteri tics of "?. low noise level of a triodewith the 

effects are negligible owino- tn thp ° 1 ^ lioc ^ es r J la 3 r be used because the Miller 

the cathode lead induoHnrp * *i ' ^ °, U P°t®ntial gain of the first stage. Also, 
impedance level. G m 16 seron( ^be is unimportant because of the low 

for optimum P couphng b 118 ^ ^ transfo ™er-coupled single-tuned amplifier, 

10 Me for the critip^K^ C ^ r ? U j t C = 12 has a bandwidth of 1 Me at 

r~y - 3“'Sd,„S rmi " e ““ 1 

coupled.' 1toMrates a ILvi U k IC " t ’i l T d a “ plifier usin S a 6SK7 tube is critically 

C »d total Zt£y C Z ,Lh»“! b “? h " W "; > 2 )'■Tl» •»“ l>™« 

? aa* ,t "jf» ( ■ k “‘ »2L ™.' :s ^ “s * le ““ 

ci If the rp * '^ 1 t quency ga , in - Choose g m = 1,500 Mmhos. 

calculate the mid f>e lec l uenc y and the bandwidth are maintained constant, 
calculate the rmd-frequency gam as C is varied from 10 to 100 

Q = 80, which are tMid’2*S) < k^ Ult C ° mpriSCS two identical 200- M h coils, with 

f S a ! C “! ate th ® CI ' itical coefficient of coupling. 

from zero to twiw thi^^Jilue. 0 ” ***** ^ ' mduct!lnCe is vaHed 

Detei mine the proper design for the winding of an i-f transformer with 

-_ 1 I « 
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secondary potential is not to fall below 0.88 of the peak value in a 10-kc band, 
centered at -165 kc. Find k , L h L 2 , Q i, Qi and the secondary potential, with 1 volt. 
465 kc to the primary. Assume critical coupling. 

11-15. A 6SJ7 is used in a double-tuned circuit which feeds a diode detector and 
automatic-gain-control circuit. The significant portion of the circuit is shown. 
The rms potential across the secondary feeding the detector-automatic-gain- 
control circuits must be 10 volts. 



Q t ~-IOO Q 2 -80 
i-f- 456 kc 


a. What is the coefficient of coupling? 

b. What is the value of e g to give the required output? 

11-16. The i-f amplifier section in a radar receiver consists of four identical 
stages, each of the form illustrated. The maximum over-all gain of the four 
stages is 10,000, and the gain at 28.5 and 31.5 Me is 7,070. 6AC7 tubes are used, 
with g m = 9,000 /imhos, C, = 11 wi, C 0 = 5 M/if. 



a. Calculate the value of the plate-load resistance. 

b. Calculate the wiring capacitance. 

c. Calculate the value of the inductance of the coil. 

11-17. A six-stage single-tuned i-f amplifier using 6AC7 tubes has a maximum 
over-all gain of 4.100 and an over-all bandwidth of 6.0 Me. If the over-all gain 
had to be obtained from four stages instead of six stages, what would have been 
the bandwidth? 

11-18. A six-stage single-tuned amplifier using 6AC7 tubes has a maximum 
over-all gain of 530,000 and an over-all bandwidth of 2 Me. 

a. If it is found that the over-all bandwidth need not be greater than 1.5 Me, 
what would be the corresponding over-all gain by an appropriate change in the 
value of the effective shunt resistance of each stage? 

b. If the original over-all gain of 530,000 had been obtained from four stages 
instead of six, calculate the over-all bandwidth that would result. 

11-19. Suppose that three identical stages having the characteristics of Prob. 
11-2 are connected in cascade. Calculate and plot a curve of relative gain in 
decibels vs. frequency. Carry out the calculations to frequencies at which the 
gain is down at least 75 db below the optimum value. 

11-20. A three-stage direct-coupled single-tuned amplifier is used in a broad¬ 
cast receiver. A three-ganged 165-M/zf capacitor is used to tune the receiver 
over the range from 550 to 1,650 kc. The loading is chosen to give a minimum 
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o. Determine the variation of bandwidth as the receiver is tuned over the entire 
iange, assuming that Q remains constant. 

11 nV°V the .‘“T Where C is fixed at 100 M and L is varied. 

tubes uw l P7 A o- a r^’ c a ^ prepare a tabIe of the meri < of the following 

11 i GAC 7’ A r ' ’ l AKo ’, 6b5 ’ GK7 ’ GLG > 6SFS, 6SJ7, 6SK7, 6V6, 6Y6. 

ODerates at fUl' o~ s ^ a S e direct-coupled single-tuned amplifier using 6AC7 tubes . 
opeiates at GO Ale and is to have a 2-Mc bandwidth. 

A^inWW^j" ‘i P ? S ‘ ble b ° th StagCS are tuned t0 the frequency? 

Assume that the shunt capacitance is 25 /z/xf. 

possible? 116 StageS 016 t0 be Stagger ' tuned t0 be critically flat, what gain is 

di-™', S1 T ! ha h by - C , h . OOSi " g the three single-tuned stages in the manner 

the fnrn 16 I J° 3 ’ 1 f 1 ,dastaggered tri P le > the relative response function has 

and tint J ip 1 ' f " G " b Sketch the individual response characteristics 

and that of the resultant staggered triple. 

manner r f^i laly n 7 * 6 n . Pt "' 0rk ’ given as circuit 1 in Table 11-2, in the 

manner ot bee. 11-7 Verify the data given in Table 11-2 for this network. 

n ll-25. Repeat Prob. 11-21 for the bndged-T network, given as circuit 2 in Table ^ 

Tablc 2 l 6 i-2 RePeat Pr ° b ' n ' 24 ^ the Wien ‘ bridge net " wk - g iv c n a * circuit 3 in 

^p 7 ; npt "? rk sbo ": n is us «l in a Simple potential-feedback circuit. 
a. Ca cu ate the transfer function (J of the network, when R,C, = R 2 C } . 

ampIifier CU ^ P 0t ° n 1 deClbels vs ' log • f scaIe the relative gain of the 


R 


R 


-vwv-- 

-\AM- 


Cj- 

r 



+ 

E 2 


11-28. Repeat Prob. 11-27 for the network shown 



* 7 °. a ™ plifiers of Pr °bs. 11-27 and 11-28 are connected in cascade 
Calculate and plot the gam of the resulting two-stage band-pass amplifier. 


% r 




CHAPTER 12 


TUNED POWER AMPLIFIERS 


12-1. Introduction. In common with the operation of the classes of 
tube circuits being studied, it is the function oi an r-t power amplifier to 
convert d-c power from the power supply into r-t power. Owing to the 
amounts of power that may be involved, it is essential that this conversion 
be effected at the highest possible efficiency. Essentially, therefore, the 
power amplifier may be regarded as a power converter, as contrasted with 
the r-f and i-f potential amplifiers that are used to raise a potential le\ el. 

The settings of the r-f power am¬ 
plifier are chosen to ensure a high 
conversion efficiency. 

The basic circuit of a tuned power 
amplifier is substantially that of the 
single-tuned direct-coupled type dis¬ 
cussed in Sec. 11-1. The essentia] 
differences are in the magnitude of 
the grid-bias supply potential h cc , 
the corresponding value of the grid 
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Fig. 12-1. Schematic diagram of a tuned 
power amplifier. 


input signal e 0 , and the amount of power involved. A schematic diagram 
of a tuned power amplifier is given in fig. 12-1. 

Owing to the negative bias on the tube, which is adjusted approximately 
to plate-current cutoff in the class B amplifier and which is adjusted 
beyond plate-current cutoff in the class C amplifier, harmonic currents 
are generated in the plate which are comparable in amplitude with the 
fundamental component. However, if the Q of the tuned plate circuit 
has a value of 10 or more, the impedance of the tank circuit to the second 
or higher harmonics will be very low. As a result, the higher-harmonic 
potentials across the tank will be very small compared with the funda¬ 
mental potential. That is, the effect of the harmonic generation in the 
tube plate current is largely suppressed by the tuned plate load. 

But the requirement that the Q of the tank circuit must be high in order 
to suppress harmonics in the output imposes a limitation on the fre¬ 
quency-response characteristics of the amplifier, since then the gain is 
constant only over a very narrow band of frequencies. Consequently 
such amplifiers are confined in their operation to narrow frequency bands. 
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In fact, as will be discussed in some detail, the class B amplifier may be 
used to amplify a narrow band of frequencies of differing amplitudes, 
whereas the class C amplifier is confined to a narrow band of frequencies 
of constant amplitudes. Despite these severe restrictions, both classes 
of amplifier are extensively used in restricted applications, the class B 
amplifier to amplify an a-m r-f carrier wave, the class C amplifier as a 1 
frequency multiplier or as a source for the production of an a-m carrier 


wave. 

12-2. Properties of the Tank Cir¬ 
cuit. The tuned plate load in the 
diagram of Fig. 12-1 is drawn as 
a simple parallel resonant circuit. 
Ordinarily the load is coupled induc¬ 
tively to the plate tank, and a more 
typical coupling network is that shown in 12-2. The capacitor C 2 

is assumed to be so adjusted that l/2w \/L 2 C 2 , the resonant frequency 
of the secondary circuit, is equal to'the operating frequency of the ampli¬ 
fier. Because of the resonance in the secondary circuit, only a resistive 

component R' L = M/)7(/*" + R 2 ) is reflected into the primary of the 
tuned circuit. The equivalent cir¬ 
cuit then becomes that shown in 
Fig. 12-3. 

If the characteristics of the tank 
circuit were ideal, the impedance at 

resonance would be resistive and Fig. 12-3. The equivalent circuits of 
equal to the shunt resistance R 0 of Fig * lM - 

the lesulting network. The impedance would be zero at any of the 
harmonic frequencies. That is, the impedance would be 




Fig. 12-2. A typical tuned-amplifier 
tank circuit. 




Z(oio) — R o 

Z(«<■>») =0 n = 2, 3, 4, . . . 


( 12 - 1 ) 


These ideal conditions do not prevail in practice, although it is possible 
to achieve relatively low impedance for Z(na 0 ). To examine this, refer 
to Eq. (11-6) for the impedance function of the simple tuned circuit, 


z = R L (P Jl + S - jg/Q ) 

1 + « + jQK 2 + S) 

At resonance a = u 0 , and 5 = 0. Equation (12-2) reduces to 

Z M = RlQ 2 (l - 7) = R l Q'- Jl + A /tan- 2 
Note, however, that, if Q = 10, then 


( 12 - 2 ) 


Z(oj 0 ) = R l Q 2 X 1.005/-5.7 
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which shows that the impedance of the tank circuit is essentially resistive 
and is given by 

ZM = Ra = RlQ- 


(12-3) 


Under these conditions it follows that 


Ro = RlQ 2 = uJ-iQ = ~ Q \ c. 


Now consider the situation at the second-harmonic lrequency 
a = 2coo, s = 1 and Eq. (12-2) reduces to 


(12-4) 


When 


Z(2o) 0 ) = RlQ 2 


1 J 2 Q 

1 + j 1.5?j 


0 25 - j Qq + i :,q ) 


= w f+2 W 


... (12-5) 


For Q = 10 this reduces to 


1 


1 


u 


ZV»o)±R L Q'- jm --J iro y Cl 


(12-0) 


The ratio of the second harmonic to the fundamental-frequency imped¬ 
ance is then 

Z( 2« 0 ) _ lhQ 2 (V\-»Q) = 1 

1.5 Q 


Z( COq) 




In fact, under the extreme conditions when l v i I p i, the relative power 

ratio is 


Pl\ Hi Re 




. ft, - - nrnm - 4(1 + “W 

where Re denotes “the real part of.” With Q = 10, this reduces to 


~ = 900 

l L 2 

Clearly, therefore, the second-harmonic power is negligible under these 
conditions. 

Obviously, there will be losses in the tank circuit owing to the resistive 
/ component of the coils, and perhaps the capacitor. The power delivered 
to the load is 

0 , 21/2 T>H 

p " - <«w sf+t. mrhi, <12 - 7) 


and the power lost in the tank circuit is 


Pt = (Ql 




+ 


CO 


M 2 


R 


R’£ + R 2 Rl + R 2 


( 12 - 8 ) 


rr* 



which is defined as the ratio of the power 
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delivered to the load to that supplied to the tank circuit, is given by 


n 


V = 


P'r - P 


Pf + P 


■— X 100% = r -Jl—LL x 100% 


n 


(12-9) 


An interesting and informative form for the circuit transfer efficiency 
is possible by writing it as follows: i 


w = v _ power delivered to s econdary power delivered to load 

• ___ i i” i I • /\ 


power delivered to primary power delivered to secondary 


where 771 is associated with the first ratio and 772 is associated with the 
second ratio. These may be written as 


Vi = 




R'r 


Similarly 


n(P 1 + R' L ) R 1 + Rl 


772 = 


I\R'l 


RV 


IKR2 + R’£) 


ft 


R2 + R L 


The expression for 771 may be written in the following forms: 


Vl = «>oLi/Ri ~ wqLi/{R'l + Ri) = Qpj - Qoil = _ Q 01L 

WqLi/Ri Qqi Qoi 


( 12-10 a) 


where Q 0i = u 0 L 1 /R l is the unloaded Q of the primary coil at resonance 
Qoil = w<yLi/(R' L -f- Ri) is the loaded Q of the primary circuit at 

resonance, including the reflected resistance 
of the secondary in the primary circuit 
he expression for 772 may be written in the form ^ 


VAAV J JLJLA 1 /A 1 V 

In an entirely similar way, the expression for 772 may 

Q02L 


772 


= 1 - 


Q 


02 


(12-106) 


where Q 02 = o>oL 2 /R 2 is the unloaded Q of the secondary coil at resonance 
Q 02 L = uoL 2 /(R 2 -f- R'j') is the loaded Q of the secondar}' coil at reso¬ 
nance but without any effect of the primary 
circuit on the secondary 

The complete expression for the circuit transfer efficiency becomes 




' 

Q02L 


( 12 - 11 ) 


\ Qoi / V Q 02 / 

For high circuit transfer efficiency, the loaded values Qoil 2 -nd Qon 
must be low, and the unloaded values Q 01 and Qo 2 should be high. Ordi¬ 
narily the loaded Q’s must be 10 or greater in order to provide for a low 
harmonic content in the output. The unloaded Q’s are subject to purely 
practical limitations; the possible values depend on the power output, the 
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Typical values for coils of conventional design vary somewhat as follows 
for frequencies in the range from 500 to 1,500 kc: 

Unloaded Q ~ 100-200 for low-power coils 

~ 500 -800 for high-power coils 

12-3 Choice of Ql- It is of some interest to examine the iactors which 
influence the choice of Q L . Several of the factor, have already been 
considered, but for completeness those will also be included in the tabula- 
tion below. The following conditions prevail for low Ql • 

1. High circuit transfer efficiency rj. 

2. Broader bandwidth. 

3. Higher harmonic components. 

4. Greater L/C ratio. 

Factor 1 has been considered in considerable detail m fccc. 1 a( OI 

2 relates to the width of the pass band. This must be adequate to pass 
the desired frequency band but must attenuate the frequencies outside 
the specified band. A measure of the response is obtained from Eq. 
(12-2) which becomes, for frequencies near resonance 


Z(o)o) 


1 


(a)(?/«oj[l "" ( a,, '/ w )’ 


( 12 - 12 ) 


Factor 3 was discussed in some de. ail in Sec. 12-2 where it was shou „ . hat 
the harmonic output is small if Ql is fairly high, \\ hen Q :w low. the 
harmonic output is not negligible and might result in troublesome har¬ 
monic potentials in the circuit. . n f .... 

‘ Factor 4 is examined through Eq. (12-4) for the lowest Ql for a specified 

/?„; this demands that the L/C ratio must be high. The highest L/C 
ratio exists when C is a minimum, which, in the extreme, is the tube plus 
stray wiring capacitances. If a capacitor is used, it should be relatively 
small in parallel with a large inductor. In any design considerations Q L 
is established by the allowable harmonic content and by power consider¬ 
ations Normally, as already discussed, Q L will range from 10 to 20. 
The unloaded Q„ is determined by requiring that the circuit transfer 
v efficiency should be high, perhaps 90 per cent, at the lower powers and 
should be higher for high powers. With Q L and Q u known, the circuit 
constants can be determined. 

Example. Evaluate the approximate circuit constants of a tank circuit which 
is to deliver 500 watts to a 72-ohm load at 2 Me from an a-c supply of 2,000 volts. 

Solution. Choose Ql = 12; t, = 90 per cent. Also given, R'[ = 72 ohms, 


P'l = 500 watts. 
a. Power input 


P, = = 556 watts 
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b. From expression (12-11) 


c. Since 


«■ - ST - 120 


then 


o _ _ (<*>o£i/i)7, 2?7, 


J 12 X 556 
-* 1 — = 3.33 amp 


Also 


2,000 


L = 


E_ 
0)1 \ 

h_ 

<oE 


2.000 


2 X 2 X 10 6 X 3.33 
3.33 


o — 47.8 X 10 6 henry 


2X2X10«X 2,000 “ 132,4 X 10 " 12 farad 


d' To find M, note that 


Hence 


UMI^ / 2 ft" p = 


hR" 


M = L = 




// 

L 


7iw 7,o; 
V500 X 72 


e. Current 7 


3.33 X 2 X 7T X 10 s " 4,53 x 10 6 henr y 


Pi 


r 556 

„ = 0.277 amp 


/. Loaded ft. 


2,000 


Loaded R„ = 2)000 


0- Unloaded ft. 


0.277 


= 7,220 ohms 




Unloaded ft 0 = 12 % 2 X 7,220 = 72,200 ohms 

12 4. Class B Tuned Amplifiers. Considerations regarding the actual 

c oice o tube will be given in Sec. 12-16. Transmitters may employ 

.f;' 0 / low-impedance triodes, tetrodes, or pentodes. It will be found 

that the plate-circuit efficiency, i. e ., the ability of the tube to convert - 

d-c power from the supply into a-c power, is not particularly dependent 

on e ype o tube that is used. This fact will become clearer in the light 
of subsequent discussions. 

. Under class B operation, the grid-bias supply potential E cc in Fig. 12-1 
is ma e negative by an amount sufficient to reduce the plate current to 
zero for zero signal potential e g . If the dynamic characteristic of the 
amplifier is lineal- over the range of operation, then for sinusoidal input 
signal potential the current will consist of half-wave rrrtifirri 


Sec. 12-4] 
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The construction for deducing the output waveshape is sketched in 

' It is important that it be recognized that Fig. 12-4 represents an ideal¬ 
ized picture which depends upon a linear dynamic curve This is not 
completely true, although, in the analysis to follow, it will be assumed 
that the linear relation does apply. If the dynamic curve is not linear 
then a graphical solution must be used in order to determine the shape of 
the plate-current curve and the linear class B analysis is not valid. 

To find the operating path of an amplifier with a tuned load, a special 
construction is required, since the conditions are different from those of 
an amplifier with a pure resistance load. I his is so because of the in er- 
relation of a number of factors and the different manner of operation of 
the circuit. Among the important factors that must be considered are 



Fig. 



12-4. The output waveshape from a class B stage, with a linear dynamic curve. 


y 


/ 


i 

' 


the allowable plate dissipation of the tube, the Q of the circuit, the effec¬ 
tive shunt resistance of the tank circuit, the grid driving potential, the 
shape of the plate-current wave, and the corresponding harmonic com¬ 
ponents in the plate current. Ordinarily a method of successive approxi¬ 
mations is necessary in which a given set of conditions is assumed and a 
calculation is made. If a consistent solution is not found, a second trial 
must be made. This procedure must be continued until a consistent 

solution is found. 

Although the determination of the operating path is not essential for 
the linear analytical solution to follow, the method will be discussed here, 
since it will permit a check on the validity of the linear assumptions. 
Moreover, it is a general method and will also be used later in the discus¬ 
sion of the tuned class C amplifier. The details of the construction are 

illustrated in Fig. 12-5. 

To find the operating path, it is assumed that the plate-potential swing 

soidal. Also, as a starting 
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value of I® aSSUm6d t tHa * f 6 , is a PP roxi mately 10 per cent of E a . The 

ootential u a ! V t0 reach an instantaneous positive 

rent to the A ° the pkte potentiaI -J otherwise the cur- 

Zet ‘ mCre f 36 V f y rapidl >' This may cause serious dam- 

Spool !' K 1 n ° mage reSUltS ’ the increasing grid current 

InS vS H 1Gd , by a deCreaS1 , n? P late curre r>t, and in consequence the 
analj sis will no longer be vahd owing to the resulting nonlinearity of the 

pdynannc curve With the indicated choice of conditions, the analysis 

can be completed, and a calculation can be made of the following: the 

d-c power from the plate-supply source, the a-c power output to the load, 



from the plate cwlcteHTucs^ determiI11Ilg the plate-current waveshape graphically 


of the ^ t ^ le p ^ ate dissipation is within the rating 

of thP Pit t en he resultin ^ calculations will indicate the adjustments 

results CU1 parameters t l iat are necessary to achieve the indicated 

pr + 0cedure is the following (refer to Fig. 12-5): Select any 

thp not f 7 3 tai l tane0US S rid Potential e c , such as that corresponding to 
, ! n , c * . e ®rmine the corresponding instantaneous plate poten- 

ia e& y oca ing t e point A b at the same phase angle in the operating 
C ^ C 6 ‘ , y Projecting A b up to its intersection with the curve for the 
se ec e gn potential, the point A on the operating path will be located, 
er points are determined in a similar manner. For class B operation, 
e opeiating path should be approximately linear and should intersect 

the plate-potentiai axis at approximately. 

±° determme the shape of the plate-current 


7 


1 


i 
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phase angle, the current corresponding to each point A on the operating 
path is plotted as a function of the appropriate phase angle. The corre¬ 
sponding plate-current pulse is plotted in 1* ig. 12-5 as The curves 


of Fig. 12-6 illustrate the important 
waveshapes of the amplifier. 

12-5. Analytic Solution of Tuned 
Class B Amplifier. 1 An analytic 
solution of the tuned class B am¬ 
plifier is based on finding an analytic 
form for the tube characteristics. 
From Eq. (1-14), the general rela¬ 
tionship between the plate current 
and the plate and grid potentials is 
of the form 

* it = k (e c + e c + - > 0 

V M / M. 

Actually, it is found that for power 
triodes over a wide range of param¬ 
eters the plate current is of the form 

i” = k ( Ce + j) 



Fig. 12-6. The important waveshapes in a 
class B tuned amplifier. 


which may be written in the more complete form 



(12-13) 


This is, of course, simply the first term in the Taylor expansion for the 
current. 

The instantaneous potentials are of the form 


€c E C c | Egm COS C ot 

@b Ebb Ep\ m cos c ot 


(12-14) 


* 


But since the current is zero when the grid signal is zero, then, for i b = 0, 


which requires that 


or, for cutoff, 




M 


(12-15) 
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„eZT' >ini " 8 a2 - ,3) “ d «» «P-s,on for pl.te c„™, 


7b ~ Q m ( E™ -f 2 ^ w co.s atf + 


E 


bb 


E 


plm 


= 9m ( E„ m cos ut - ^£1? 

\ U 


M 


COS 


COS 


- 


E 


plm 


9m l Ljgm --- | COS Cot 


(12-16) 


which is written in the form 


T'b I bm COS cot 


7T 


7T 


- 2 < * < 5 


4 = 0 


w ^ . 3ir 
2 < ut < — 


(12-17) 


where 


bm 


= (fEU - 


The average value of the plate current 


K 


IS 


<1 


or 


1 f 2r 

h = 2k L 4 


f 


(12-18) 


h = 


r/2 


2^ / Am COS OJ< rf(wt) = - 

*/ W M 


&m 
7T 


(12-19) 


WZZSP* ‘ he “" Pli,Ude °' ,he t »" d ™e»‘» 


IS 


component 


1 


> k 


r __ A 

-* plm — — 


or 


7T /0 


4 cos d(cot) 


( 12 - 20 ) 


f 


1 — 
* plm — 


/2 


~ Jo Ib « cos 2 cotd(cot) = ~ 


bm 


( 12 - 21 ) 


But at resonance ZL.O _ p • • , 

potential diffprpn ,° Is resistlve , and the fundamental-frequency 

potential ditterence across the load is 


Combining Eq. (12-22) with (12-21) Jd (12-17), 

Rohm __ R 0 / 

2 2 l Egm 

It follows from this that 


(12-22) ' f 


E P i„ = 


E 


plm 


,Ro E 

plm -f - — g 


E— 4- fi-°„ 


2 am ~ ~2 g - nE <’" 
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or 


Ep\m ~ R 


»E 


gm 


0 


R o + 2 r 


(12-23) 


which yields, for the rms value of the fundamental-frequency component 
of current, the expression 


I,i = 




2r v -t- R 


(12-24) 


0 


Also, from Eqs. (12-21) and (12-24), 


h = 


bm 


2 V'2 /„> 2 V2 nE„ 


7T 


7T 


7 T 


2r D + R 


(12-25) 


o 


The gain of the amplifier is given in Eq. (12-23) and is 


K = 


UlR o 

2 r„ -|- Rq 


(12-2G) 


The d-c power input to the plate circuit, which is equal to the average 
power furnished by the plate supply when the d-c power dissipated in the 
plate load resistance is negligible, is given by 


Ebb — 


1 


2* 


2tt 


0 


Ebiib d(ut) 


This becomes 


1 


Pbb — Ebb I ib d{ut) — Ebbh 

Zir 1 0 


(12-27) 




The a-c power output of importance is that at the fundamental frequency 
and is given by 


1 


2x 


Pl = 2tt Io eiip 


which becomes 


Pl = 


1 

^ I Ep\m cos c ot I plm cos (j)t d{ut) 


Pl = Epilpi — P pl R 0 


(12-28) 


The plate-circuit efficiency, which is the ratio of P ac to Pm, is 


Vp = 


V P 


ft x 100% = l!^f x 100% 

Ep\I p \ 7r 


E 


pi _ 


'TT Epim 


2 V2/ir)/pi 2 V2 E » 4 E 


bb 




78.5 X ^ 
Ebb 


% 



(12-29) 
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The plate dissipation is given by 


1 


2jt 


Pp = 2~ I e *>ib d(oot) 


o 


or 


Pp 2tt 


1 f 2x 

> t7r J Q (Ebb — £-L)lb = E bb I b — P 


(12-30) 


i 


which becomes, by virtue of Eqs. (12-27) to (12-29), 


p P = (1 ~ V P )Pbb 


(12-31) 


It is of some interest to calculate the results corresponding to the opti¬ 
mum conditions e e . nmx = e b . nin . For this condition 


from which 


e c. max — E cc + E gm 
^b, min = E bb E p \ m 


(12-32) 


i' 


E um -j- E P i m — Ebb — E 


cc 


By Eqs. (12-14) and (12-23), this yields 


ji 1 _i jp vRo j-, . Ebb 

L Om l Egm ;- rpr- = Ebb 4- 


2r p + R 


or 


E 


Qm 


— 7? M d - 1 2r p -f- Ro 
*-'66 * 


M 2 r p + (n -f- l)i?o 

The corresponding expressions for the fundamental-frequency component 
and the d-c components of current are, respectively, 


(12-33) 


4 


I Pl = 


Ebb(v 4- 1) 


1 


and 


y/2 2r p 4- (/x 4- l)/? 0 


(12-34) 


r 2 1 

h = - E bb (u 4- 1) ---- 

* ; 2r p + ( M + 1)R 0 


(12-35) 


k' • \r- i — / - ~ v 

The corresponding values of the optimum P M , P aci and are readily 

calculated from these expressions for I pl and I„. The expression for the 
plate-circuit efficiency is found to be 


1 


„ - n>Ro 

1 ip 


E b b (n 4- 1) 

* y/2 2 r p -f (m + 1 )R 


'T 


R 


E bb I b 


which reduces to 


l ELifl + 1} 27-+ (/! + Wo 


rjp = 78.5 X 


Rq(h 4- 1) 


( 12-36) 
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Ordinarily the plate dissipation will be a fixed rating of the amplifier 
and is the limiting factor on the output power. The appropriate value 
of /?o is then specified, since all aspects of the circuit may be expressed in 
terms of it. To examine this, note that 


P n = E hb I b - HP 


p 1“0 


which mav be written as 




Pp = 


1 




- R 


0 


0 


E 




) R 


0 


This expression may he rearranged and yields the following quadratic 
expression for It,,, from which R 0 may be evaluated: 


*5 + 


M+ 1 


El 1 2 


I 


;> 


7T 



R o T 




I? 2 
L'bb 


4 r 


(m + l ) 2 /Mm + W 


= 0 (12-37) 


A 


• r 


' 


is 

Jy 

lie . 


/ 


12-6. Analysis of Class C Amplifiers. An analysis of the operation 
of the tuned class C amplifier can be made on the basis of the assumption 
of a linear tube characteristic, essentially as an extension of the method 
of Sec. 12-4. 2 This analysis is considerably complicated by the fact that 
E cc is no longer the single value chosen to yield a zero current for zero 
excitation but is now a parameter. Moreover, it is no longer valid to 
assume that the operating characteristic is linear. Hence, although such 
a linear-tube-characteristic analysis is possible, it is a poor approxima¬ 
tion. It does have the advantage over other methods of giving an explicit 
solution for the optimum operating conditions. Owing to its approxi¬ 
mate nature, other methods are preferred. 

To see that the operating path is not linear, the construction of Fig. 12-5 
is again employed. The only differences that exist arise because the 
grid bias E cc is adjusted beyond the cutoff value. With such values of 
E cc and with the appropriately increased value of grid driving potential, 
the results have the form illustrated in Fig. 12-7. The curves of Fig. 12-8 
illustrate the important waveshapes in such an amplifier. 

A comparison of these curves with those of Fig. 12-6 indicates that in 
the class C amplifier the plate current consists of pulses the duration of 
which is less than 180 deg of the cycle. Also, it is not possible, in general, 
to derive easily an analytic expression for the shape of the plate-current 
pulse. 

Some progress can be made in finding an approximate analytical solu¬ 
tion if the curves of Fig. 12-7 are idealized. The idealization made is in 
the assumption of linear curves, as illustrated in Fig. 12-9. This approxi¬ 
mation permits the operating path to be represented by two straig*ht-line 

ression for the plate-current 
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Fig. 12-9. The conditions in an idealized class C amplifier. 


pulse. This is given by the relation 

4 = k[Ep\ m cos a )t — (E p i m — Ed)] for 4 > 0 (12-38) 


where, by definition, for the condition of zero current 


2 = uh 


i E plm Ed _i | i E,{ \ 

= cos -1 —- = cos Ml — v,— 1 

Lpjm \ L p i m / 


Note that the maximum tube current is given by 

ffc-DItX /l Ed 


(12-39) 


(12-40) 


With the shape of the current pulse known, it is possible to compute 
plate-circuit information. The average value of the plate-current pulse 


= 2tt Jo 


which is given by the relation 


k ( 9b/2 

lb — ~ \E p im cos c— (E p i m — Ed)] d(wt) 

K JO 


This integrates to the value 


-i[ 

7r 


sin 


- (E plm - E d ) 2 


(12-41) 
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the In.'S' 0t the com Ponent i» given b, 

ib cos cot d(ut) 



which may he written in the form 

06/2 


^ plm 


2/c 


7T Jo 

This integrates to the value 


[Ep\m cos ut (E plm — E d )] cos utd(ut) 


dp lm — 


2k 


TV 


E 


p\m 


(e b + sin e„) - ( Eptm - E d ) sin |1 (12-42) 


It is quite possible to continue with this, i , 

sions for the power transferred to thol ^ Tv T* ^ ° btam GXpreS ' 
tube the nowpr c,m, r i i i * le oad > ^ ie Pl ate dissipation in the 

efficiency in a manned 7 ’ C P - ate P °"' er ““PP 1 ^ a » d the plate-circuit 

ever it is’noted tbit A anaIogous to that f °r the class B amplifier. How- 
, it is noted that the construction of Fig. 12-9 is necessary in order to 

obtained. 10 The resuUs will’1^^ ^ appr ° ximate ^rating path may be 

imations. Mm- o e o h t °"' ing to the approx - 

semiaranbir.nl , * ’ h construct ‘on of Fig. 12-9 is available, a 

tions inSlvi /b° n r may bC efTcCted dil ’ ectI >' without the approxima- 
Inah- i will "'I G f0I ' Cg ° 1,lg - Because of this, the above' method of 

discussed in detail. ° C ° ntlnUed ’ but the semigraphical method will be 

will be nn n A Cad f' d 4o tbe ^ ac4 that, with the class C amplifier, there 
Consemioi tm- 01 SInaP s ig na ls, since the plate current is zero 
tial hi 1 i y> the ° Utput P° tential is not proportional to the i nput poten- 
be mointo' 08 ^ 111 ?^ 01S canno ^ de uscd where such a linear relation must 
fixed omH'fV „ ey aiC USCC * extei isively for amplifying a signal of 
tions o P - 1 f , Ude * Ihey are also used extensively in radio communica- 
annliciti ° W ~ level or hi g hd evel modulation stages. This latter 

is bffiso T W , beaxamincd in detail hi Chap. 17. When the amplifier 
iimnt nnf °c ass ® operation, a linear relation between the output and 

onnW * d ° eS 6X1St and SUch am Phfiers find extensive use in those 

firm ic f 10nS lec l UIlin g ^ lls characteristic. The most important applica- 
19 7 ° I1K1 # ease \ e P ouei level of a modulated carrier wave, 
nnf *\ * f^sraphical Analysis of Class C Amplifiers. Befoi •e carrying 
i , • 16 e ai s o t e analysis, attention is called to a second method of 

ai ”‘ ng the °P el ' at »ig path of a tuned power amplifier. This makes 
^ e ac t at the operating line appears as a straight line on the 

purr/) 1 ' Cl . lrren i t (eb ’ c ‘-\ characteristics of the tube. These constant- 

and nr 11 )e c a |^ a( ^ C1 i- S tics are available for transmitting-type tubes 
and are orovidpd f™. ~> ar ti cu i.- ^ 
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To verify that the dynamic characteristic is a straight line on the con¬ 
stant-current characteristics, use is made of Eqs. (12-13) for the grid and 
x plate potentials, viz., 

e c = E cc + E gm cos cot 

e b = E^ - E p im cos a )t (12-43) 

This latter expression is valid when the Q of the tank circuit is 10 or 
greater. Now combine these expressions by writing 


e c 
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cc 
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gm 

e b 
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gm 
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bb 
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p\m 
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+ COS c ot 


— COS C cl 


p\m 


Adding these expressions gives 
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e b 
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gm 
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plm 
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E, 


cc 
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i,i, 


E pi 
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This may be written in the form 


e c = - 


JT T? 

Lj gm ^17? I Ljgm Ji 

- e b ~r Cj cc ~r t ;— &bb 


E 


plm 


E v i 


(12-44) 


p\m 


which is the slope-intercept form of the equation of a straight line. The 
results are illustrated in Fig. 12-10. 




Ca mm 

. _ 2 -= const 

€ c max 


C max 


Grid curren i(ma) 



G b 

Plate current (ma) 


(0-cut-off bias) 


Fig. 12-10. The operating line on the constant-current curves of a power tube. 

In order to establish the range of operation, it is necessary to specify 
the end points of the region of operation. Ordinarily this is done by 


specifying Ebb, e b . 


mi ay max* 


quantities which are determined from con¬ 


siderations of economy, power output desired, efficiency, and tube 
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“ e i-° rS s u pecified ’ the operating characteristics of the amplifier 
are obtained from the curves in the manner illustrated in Fig. 12-11. 


c /Locus of constant e L /e. 

'A /-0 



Fig. 12-11. The operating characteristics of a class C amplifier. 

obtain a ™ and ^ Currents in CI *ss - Amplifiers.* In order to 
such as power o^t T ° f the operatK, uaI features of the amplifier, 

tion the aver P ! glid living power, and plate dissipa- 

as obtained f T 6 dedUCed from the pIa te- and grid-current pulses 
.ne this ml k r 10 CUrV6S ’ 38 dis « above. It is well to exam- 
operation 16 COnS,dering a det ailcd analysis of the amplifier 

current'nnT' 1 ' 011 ° f I<lgS ' 12 ~‘ and 12 " 8 sho ' vs that the plate- and grid- 
rimr wir es Zer ° _axis symmetry. Consequently, these recur- 

I ^ J* Ty^ rt T . • - — series involving only cosine 

sented an^i partl( ~ ul f r ’ the plate ' and grid-current pulses may be repre¬ 
sented analytically by series of the form 

\ b = ^ pirn COS (ot -f / p2m COS 2u)t -f * * * 

Zc “ + I<)lrn COS Cot + J g2m C0S 2 cot + * * * 

The average or d-c value of the plate current is given by the integral 

2x 


(12-45) 
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Ib ~ 2T l 0 ib 


onrA* ^. ecomes ’ ky virtue of the zero-axis symmetry and the fact that 
conduction proceeds over the angle 0 b 


4 
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This integral expresses the area under the plate-current pulse. Since, 
however, an analytic expression for the current pulse is not available, 
recourse is had to any of the available methods of numerical integration, 
e.g., through the use of a planimcter; by dividing the base ot the wave into 
equal parts, approximating the mean ordinates ot the resulting rectangles, 
and then summing the areas of these rectangles; or through the use ol 
other methods devised for numeri¬ 
cal integration. 

The details of the second method 
are given. Suppose that F ig. 12-12 
is the current waveform, certain 
features of which are to be ex¬ 
amined. Suppose that the half 
recurrence period is divided into n 
equal parts; hence each division is 
■jr/n = 180 /n deg long. Since the 
current flow will proceed for less than 90 deg in each half period, and 
taking account of the symmetry, the integral for I b is then given with good 
approximation by the expression 

_a / ’ 

kir 

n 



I b = - 

n 


16 ( 0 ) 



T / H 

k = 1,2.3,... 


(12-47) 


where i b (k 7 r/n) denotes the value of the current at the angle kv/n. 

The average value of the grid current is found in a similar manner from 
the graph of the grid-current pulse. It is 

•2t 


Ie = ; 


1 


2t 


i c d(u)t) 


o 


which has the form 


Ic = - 

7T JO 


0c/2 


ic d(u>t) 


where d c denotes the grid-current conduction angle, 
approximate calculation, this becomes 


(12-48) 


In terms of the 


Ic =« 


ao) 
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kir 
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(12-49) 


k = 1.2.3.... 

The amplitude of the fundamental-harmonic component of the plate 
current is obtained from considerations of the general Fourier series 
representation of the current. This leads to the form 

1 
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*Wch may be written, in vim, of the ejlisling symmMty ^ 
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(12-50) 
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This integral may be exnre^prl 
■wethode that hare been 
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(12-51) 


current is obtainedl^the^rme^vTyt^-bammnic component of the grid 
plate current. It is given by y s corresponding component of 


J 0 lm — 
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’2ir 


which reduces to the form 
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L cos ut d(ut ) 
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J aim — 


2 f 6e/2 


* JO 


lc cos cot d(cot) 


(12-52) 


"JO \ ^ ) 

in the neighborhood Smal1 portion of the cpcle 

»hly differ from unity during this 

/* » 


T — z 

* glm — ~ 


*c/2 


from which it follows that 


* Jo 


'■c d(oot) 


him = 21. 


, U r-* i* it not necessary iop,« ^ „ id , , , ^ 

forms, since the inform of , 1 tne gnd " and plate-current wave- 

Fig. 12-11 and combined * ° ^ a ^ en directly from the curve of 

results. mbmed 1D a table «ke Table 12-1 to yield the desired 

results are the same asth ati ° DS “ Class C Amplifiers. A number of the 
her. Here too the T-c C ° nSldered in Sec - 12 - 3 for the B am P lb 

to the average power furnilhed K^ U ^ t0 t , he pkte circuit ’ which is equaI 

dissipated in the plate load 7 . P ate supp1 ^ when the d ~ c P ower 

1S ance is negligible, is given by 
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quency amfis given* ° f lmportance is that at the fundamental fre- 
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P L = = E p i/ p , 


(12-55) 


The plate-circuit efficiency is 


= 


P L _ EnJ 


bb 


x ioo% = ;- 1 ; 1 x ioo% 

l^bbi b 


(12-56) 


The plate-circuit efficiency depends, of course, on the value of c b . mln , 
since, for a specified E bbf E plm is dictated by e 6 . inin . A calculation of this 
dependence may be accomplished, using the results ot Sec. 1*2-6. 1 he 


TABLE 12-1 

ANALYSIS OF CLASS B AND CLASS C TUNED AMPLIFIER 
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1 [ 4B r sS + 2 '• (I) - (?) ] 


general form of the relationship is best presented graphically, as in Fig. 
12-13, which shows the plate-circuit efficiency vs. the plate-current 
conduction angle 0 b , with Ep^/Eu, as a parameter. It might be noted 
that typical values for class C operation are 6 b in the range 120 to 150 deg, 
with corresponding plate-circuit efficiencies approximately from rj p ~ 80 
_to 60 ner cent. 
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P = 

* 2tt 


* Jo 6bib d(cot) ~ b So (Ebb - e ^ ib 


which reduces to 

Pp = EbiIb ~ E pJ*\ = Pm, - Pi (12-57) 

By combining this with Eq. (12-56), there results 

T , . . P P = (l - Vp )P bb (12-58) 

Ihis expression shows that the nJafp HiMmof j 

P ate dissipation decreases as the output 

r~- t ---power increases, for a given plate 

power input. 

90 -- ~^ E bb~!2. __ average grid power supplied 

Ns \. I ^y the driving source is given by 


(12-58) 
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"I his reduces, under the assumption 
that the grid potential is at its maxi- 
mum value when the grid current 
flows and does not vary appreciably 
during this interval, to 


° p ° ■ 120 140 160 '/ B0 

current angle P g = EgmIc (12-59) 

\L G \ 12 ' 1 ?- Approximate plate-circuit t-u 

efficiency for different angles of current resu ^ ts of Thomas 4 have shown 

“°Sholt f \Vate ^vt^j iner r nd C ' IL Stoner > that the S rid driving power is given 

chap. 10, John Wiley & Zus^JnL mOVe accurate] y by the expression 
Y ovky 1950 .) , 

P„ = 0 .9E„ m I c (12-60) 

A somewhat better approximation is given by Maling,* 

P° = E ° mIc (° 85 + 016 cos |) for triodes 

Pp = E Qm T c (o.81 - 0.20 cos for tetrodes and pentodeg (12_61) 


Pp = P„ m 


which is 


2tt Jo 


i c d(oot) 


P 0 = 


P* = E gm I 


P, = P.m/ 


for triodes 


c ^0.81 - 0. 


20 cos £ 
2 


The average grid dissipation is given by the expression 
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2x 


This may be written as 

P c = ^ (Ecc + e g )i c d(ut) 

= E CC I C + E om I c (12-G2) 

But the first term gives a measure of the amount of power that the grid 
battery is absorbing from the input driving source, since 

1 


2r 


Prr = 


cc O^. . 

Zir Jo 


E cc i c d(ut) = Ecdc 


(12-G3) 


and E r r is inherently negative. Hence the power dissipated in the grid 

C ' rCUit 18 Pc = Po- \P"\ (12-64) 

Example. In order to illustrate the calculations for a typical transmitting tube, 
consider the following specific problem: A type 806 t-riode having the constant- 


/ 



Fig. 12-14. Constant-current characteristics of an 800 triode. 

current characteristics shown in Fig. 12-14 is used as a class C amplifier, under 
the following conditions: 

Em = 2,500 volts 

e^rnin = j Q 


E cc = - 500 volts 
Egm = 755 volts 
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Determine the following- 

d. Plate dissipation C ' Plate - Clr «iit efficiency. 

(Not,: Th, detail, of the Motion 


[Chap. 12 


E>,b = 2,500 

€f>. min 


e = 1.0 
c c. max 

^•max 1=3 185 in a 


TABLE 12-2 

analysis of class c amplifier 

Tube—806 

E'c = —500 E __ "cr 

Prn ~ /55 ^c. max = 255 

^.min — 255 E - 99 ,r r 

7,lm - 2,2-45 / 6>max = 825 ma 

n = 18 k = Q 

Length of line PQ = 27.8 cm = ^ ^ 



6 


50 60 70 


8 


80 90 


4 / cos 0* 


0.86: 0.76 0.64 0.50 0.34 


ib(e k ) 


6 


flfLi 7 4 20 1 I 241 2l -3 17.9 13.9 


825 800 


0.17 j 0.00 


ic(0k) 


185 170 


I I 

^*6 ( 6 k) cos 9 k 825 788 



h 

Ic 

I p\m 

Pbb 


Pi. = 


+2 ’ 750) = 176 ma 
;)f c ( 9r ^ + 357) = 25 ma 
: 9( ^ + 2.463) = 319 ma 

2,o00 X 176 = 440 watts 
2,245 X 319 


to 


= 357 watts 


v 

P P 

P a 


35 p440 X 100% = 81% 
a - 0.81) X 440 = 83.5 watts 
0.9 X 755 X 0.025 = 17 watts 


* — ^ — ± t 

presented above is based orUhT 8 ^ ClaSS ° Amplifiers - The analysis 

point of the tube characterisHc SSUn ? Ptl ? n that the ’° CUS ° f the operating 

engineering design carries with it th Frequently ’ however - the 

tube and the selection of the operatin^"^ 611 * f °u ^ SeieCtlon of the 
to give a high plate-circuit . peratln S conditions that govern the locus 

ber of factors are Import fn^S ^ ^ A ^ 

the influence of these. h design, and it ts desirable to examine 

^cTmphfi^am'the foUmvTnV”^^ “ ^ engineering desi ® n of a 


* V 
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1 . The peak space current that should be demanded of a given tube 
This is usually controlled by the values of c b , min and e c , m *%, since t u to 
peak-space-current demand is given by 

/a.max = -^6.max “1“ I c ,max 
= /(Cb,min»C f .max) 

2. The minimum potential to which the plate tails, c 6 . min . 

3. The maximum value of the instantaneous grid potential, e c .^. 

4. The angle of plate-current flow, d b . 

5. The angle of grid-current flow, 0 C . 

6. The plate supply potential, E bb . 

The influence of each of these factors is considered in some detail. 

Item 1 In so far as the total space current that may be safely drawn 
in a vacuum tube is concerned, it is limited by the allowable emission 
from the cathode, if saturation current may be drawn trom the tube. 
Although it might not be too unreasonable to draw emission saturation 
current on the current peaks in a tube that is provided with a puie-tung- 
sten filament, it is unwise to drive a tube with either a thoriated-tung 
or an oxide-coated cathode to such extremes. Reasonable figures foi 

the average emitter are: . 

Tungsten filament /.,_ approximately 100 per cent of total emission 

''‘Thoriated-tungstenfrom 15 to 35 per cent of the total emission 

current • 

A Oxide-coated cathode-/..™, from 10 to 20 per cent of the total em.s- 

sion current 

Items 2 and 3 The optimum values of e b , mia and e e . m „ will be such that 
the total allowable peak space current will not be exceeded. Moreover, 
their relative values must be so chosen that the maximum plate current 
occurs at ui = 0. This requires that the tube must not be driven so hard 
that it operates in the region of rapidly falling plate current. Such a 
condition is avoided by keeping e b ,^ > However, high plate- 

/ circuit efficiency results when e 6 ,„„ n = although for low grid driving 

power it is required that e b , m in > e c>max . Typical values of the ratio 

e b . m ,Je e , m „ usually range from 1 to 2. 

Item 4. The range over which plate conduction occurs, i.e., the con¬ 
duction angle 0 b , influences both the average current I b and the first- 
harmonic current amplitude I pXm . For a large value of the first-harmonic 
current amplitude, it is desirable that 0 b be made large. However m 
order to provide a high value of plate-circuit efficiency, smalt values of 6 b 

are indicated. Consequently, it is necessary to compromise between 

nI values for class C operation, 
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it, 

as already discussed, are 6 b in the range from 120 to HO dec- ™th 

sp wStsr ie : ’ ,r 7 "'»■*»- ~ SS 

conditions arc ° th .“ °>f r “ i "< 

tion that expresses the mid bins F “ a , f ° re > to examine the ™la- 
in terms ot the fixedpa„,n'ct'.m"' 7, , 7 ,h ' 6rid »"*>» 

noted that the piato ,7rcTtSrnd set 1?^” 7 M 

point, the grid signal is given by ° b 2 ' At 


cos atf = A^ ro cos ~ 


(12-65) 


But at this point it is necessary that e + c,J„ - n mu- <• „ , 

the fact that the plate current ,„av hi ■„ 7 °' IhlS follows fr0nl 

form i h = f(c 4 - ,» / \ n i <• • ^ c NUI ** en b T an expression of the 

111 lb J\ e * + e b /n) and, for i b to be ypm „ ■ „ / \ i „ 

virtue of this ’ c + Cbi * must be zero. B y 


E q m eos 


ft 


But since 


+ ^ce + 1 cos ^ = 0 


in ax — E 




cc 


it follows that 


^mio. = E bb - E 


plm 


(^C.max — E cc ) COS ~ -f E cc -}- I 

from which ^ 


^66 - (A 66 - 


^b, mio) COS ~J — 


= 0 


A* 


A 7 , 




cc 




cos (ft,/2) 


■ yo.max -r —-- I- - v “ 

Then , x m / cos ( 0 t / 2 ) - 1 

becomes zero when H°1 ^ '/"''’^y detei mmed, since the grid 

r/ tins point 

*c 


( 12 - 66 ) * 


r 


current 


from which it follows that 


cos gj + = 0 


cos 


e c 


E 


cc 


2 £ 


f7TO 


(12-67) 


Wh lI e if. C< ^Gri 0 d bt B a ias d tT ^ (1 ?" 66) - 

that the grid bias potential l° legolng mathematical discussion assumed 

ever, the bias potential is obia'ined*7° nStant in magnitude. Often, how- 
bination in the arid linp ; means a re sistor-capacitor com- 

choir, of grid r,,l la „, e Vl s * d h 'iilnstrated in Fi,. 12-15. The 

the average grid current 7 T , • ^ tBe required bias potential and 
bias. c * ls * s frequently referred to as grid-leak 


v( 
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, . . , , v w ;th the result that the grid resistance would be 

driving potential ... variations of R, are accompanied 

firmly established. As a practical , fixe d E. m , 

and^'/ c ^vari^' diversely wdh ^ Consequently, by increasing /. is 
reduced, and the corresponding loss is 
reduced. 

The grid driving power P a is usually 
of the order of 5 to 10 per cent of the 
a-c power output of the amplifk i / 
when the tube is operated within its 
i designed frequency limits. W hen op¬ 
erated above the normal frequency 
limits of the tube, the grid driving 
power increases rapidly, owing in some 
measure to increased dielectric losses, 



Fig 12-15. The use of a grid resistor 
and grid capacitor for biasing the 

amplifier. 


measure to increase muvi . . » . .. T , • . uttpr f„ otor ; s dis- 

but principally because of transit-time loading. 1 his latter factor is d 

“ S ", Li length i.. Sfic. 3-8. A limit i< <h«by ... to the h-t hm.t 

° f 12ll2 lh Grid Potential and Amplifier Linearity. It has heen noted on 
several occasions that the plate-circuit efficiency ,, depends upon the 
plate-current conduction angle 0, Moreover, the plate-current conduc¬ 
tion angle depends upon the grid Idas and the magnitude of the grid 
driving potential, more negative values of E„ and higher £„,,, being .accom¬ 
panied by smaller values of 0„. The general character of the variation o 
output current and plate-circuit efficiency as a function of input grid 

potential is shown in Fig. 12-16. 

These curves show that the a-c component of current I pl , and the 
efficiency r, pt increase with increasing values of E, over a wide range of E„. 
A saturation value is reached beyond which there is no essential change, 
except that the grid current, and so the grid driving power, continue to 
increase. An interesting fact is that the situation remains roughly the 
same whether fixed bias or grid-leak bias is used. With grid-leak bias, 
however, the input power rises to larger values than with fixed bias. 
This is so because an increased E, tends ,to result in a higher but this 
in turn causes an increase in E cc - Hence, for a given output power, a 
larger is required, with a correspondingly less linear relationship 
between E, and /„. Clearly, overdriving the amplifier merely results in 
a high power dissipation in the grid circuit. Underdrmng leads to a 

— - » . ^ . i 1 f X ' * » ■ * _ _ 
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The question of a linear relation between I pl and E„ is of considerable 
importance when the tube is used for grid-circuit amplitude modulation. 
This matter will be discussed in Chap. 17. 
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PROBLEMS 

12-1. A type 800 tube is to be used in a tuned power amplifier. Find the 

operating curves for Eu, = 1,000 and the following three conditions of grid 
characteristics: 


Ece = —55 volts 
= -95 


E gm = 170 volts peak 
= 210 
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• of the indicated operating conditions yield class B operation? Choose 

-f power amplifier under class B 


Would an\ 

Cb.miQ = e c ,mAX- . , 

12-2. The type 800 tube is operated as an i 
conditions under the following conditions: 


D-c plate potential.... 

D-c grid potential. 

Peak r-f grid potential 


1 .000 volts 
— 55 volts 
170 volts 
15 

5.700 ohms 


Calculate the following for c b , min - 1.5c c ,m**: 

a. Power output. 

b. Plate dissipation. 

c. Plate-circuit efficiency. 

d The impedance of the tuned circuit at resonance. mention as 

12-3. A type 833A triode has the following maximum ratings fo l 

a class B r-f amplifier. 

4.000 volts 
- 120 volts 
180 volts 
400 watts 
35 

15,800 ^mhos 


D-c plate potential. 

D-c grid potential. 

Peak r-f grid potential. 
Plate dissipation. 


n. . 
Q m 


of 


It is planned to use this tube as a class B amplifier with a grid-signal frequency 
If, 0 Me, a plate supply of 4,000 volts, and a value of c b . «... equal to -.u. 

Find the following: 

a. A-c power output. 

b. Current by the plate power supply. 

c. Plate dissipation. 

d. Plate efficiency. 

e Impedance of tuned circuit at resonance. . 

f The values of L and C in the tuned circuit if the loaded resonant Q is 12. 
a What value of R 0 should be used if the maximum allowable plate dissipation 

is 400 watts and et.min — e c . ma .x - 

12-4. A class C amplifier uses an 851 tube and operates under the following 
conditions: 


y 


D-c plate potential. 

D-c grid potential. 

Peak r-f grid potential. 

Plate dissipation. 

Shunt resistance of tank circuit 
D-c grid current. 


2,500 volts 
-250 volts 
450 volts 
550 watts 
1,550 ohms 
0.10 amp 


Calculate the following: 
a. A-c plate potential, 
c. D-c plate current. 
e. Grid driving power. 


b. Output power. 
d. Plate-circuit efficiency 
/. Grid dissipation. 
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12-6. A class C 
conditions: 


amplifier uses an 852 tube and operates under the following 


D-c plate potential. 

D-c grid bias. 

Peak r-f signal. 

D-c plate current. 

D-c grid current. 

Fundamental component of plate current 


3,000 volts 
— 600 volts 
850 volts 
85 ma 
15 ma 

120 ma peak 


Calculate the following, assuming e fc>min = e c mftx : 

a. Output power. 

b. Plate-circuit efficiency. 

c. Grid driving power. 

d. The amplifier is to operate at 1,500 kc. Specify the elements of the plate 
tank. Choose Q = 23. 

12-6. The typical operating conditions for the type 893 A-R transmitting 
tnode when used as a class C r-f power amplifier or oscillator are 


D-c plate potential. 

D-c grid bias. 

Peak r-f grid signal. 

***•••••• 

D-c plate current. 

D-c grid current. 

Grid driving power. 

* • • • i 

Fundamental component of plate current 
Minimum value of plate potential eu mj|1 


18,000 volts 
— 1,000 volts 
1,630 volts 
3.6 amp 

0.21 amp approx. 
3-40 watts approx. 
6.25 amp peak 
1,000 volts 


Calculate the following: 
a. Power output. 

b The inductance required in the tank circuit. Assume that the effectn 
Q of the tank circuit = 5, resonant frequency = 1 Me. 

c. The required capacitance to tune to 1 Me. 

d. The circulating current in the tank circuit. 

,. if* power. Compare this result with that shown in th 

tabulation above. Explain any discrepancy 

/. The power input to the piate circuit. 
g. The plate-circuit efficiency. 

tions lrc^tc/be 6 ^ tr ‘° de ‘ S aS a ClaSS C The operating eondi 



D-c plate potential.. . . 

D-c grid potential. 

Peak r-f grid potential. 

Ratio Cft, min/ &c. , ma .. 


2.500 volts 
— 250 volts 
450 


Determine the following: 

a. D-c plate supply power. 6. A _ c output power 

• p la * e ' circuit efficiency. tf. Plate dissipation, 

e. Lrnd driving power. 
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12-8. A class C amplifier is operated under the following conditions: 

. . . 3,000 volts 

D-c plate potential. -200 volts 

D-c grid bias. 36 O volts 

Peak r-f grid. 9 

eb.min/^.niux. 2.2 amp 

Peak space current. 12Q deg 

Conduction angle. 

Ratio: q 15 

D-c grid current to peak space current. Q 21 

D-c plate current to peak space current. ■ 

Peak plate a-c current to peak space current. 2 M ' (i 

Frequency. 12 

Loaded . . 

*■ input - 

c. Plate dissipation. d Plate efficiency 

S: SXtance. : ^“Appropriate 

daXt SmffiX ‘''XhS ^r^ampX- ^rmhcristic ilhistmted in 

Rg 12-0 Compare the values of L and deduced from Eqs. (12-41) and 

(12-42) with those given in Table 12-2. .... Fi 12 _q\ for 

12-10. Show the general character of the construction (like 112 ° 

the'output^tank Srito fh^uency UmU /ZTtimes the frequency of the 
grid driving source. What can be said about the plate conduction angle. 



0 


i 
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CHAPTER 13 

OSCILLATORS 


13-1. Introduction. The effects of f PO Ukn i • 
ined in Chan a Ttic+L . i , eec *back in amplifiers were exam- 

in an amplifier'if stability islo'be ^Onth^lh 8 

circuit is provided with a sufficient amount f . th ° the *; hand ’ lf t , h ® 

vacuum-tube circuit will serve as legenerative feedback, the 

waves This mitnuf mo k • generator of periodically varying 

\\ <x\ cs. inis output may be sinusoidal witk « u- u j / . . 

waveform; it may be an essent.ia'llv ’ th h ‘ gh degree ° f punty ° f 

harmonic content; or it may be a Derind^ iT™’ bei " g ° f Mgh 

waveshape. ^ a perioc * lca dy recurring nonsinusoidal 

are 4 ivXblTfm le^production'of differ considerably in detail 

possess certain features which are common tolT IneachcZ a ch5 

exists through which is fed back int^ in • . . An eacn case a cncuit 

of the oiitnnt onH * u , lnto ln P ut circuit a certain fraction 
eLffation ^e uHs t Tk & and ° f such - -Plitude that self- 

out nut* to the t USUaI daSS 0f tube ’ the feedback from the 

by means t0 the tube 

a klystron of the reflex tvne and / ^ SpGCial typGS ° f tubeS > e ‘ g '’ 

itlcls evcn tir CCOmf : thr ° Ugh the electron beam itself. Never- 

features that ^ C&n 6 represente d by equivalent circuits which have 
Conve2 6 C r m0n t0 aH f6edback oscillators, 

devices althou S ® ~ excit -ed oscillators ordinarily operate as class C 

below It I f • t? A ° SCillat ° rS are Posable and will be discussed 

imoortant tof Slra t0 C ° nSider the class C oscillator first. It is 

oscillators is nf P t y in mind the fa ^ ^at the theory of class C ' 

character of th necessit y only an approximate one owing to the nonlinear 

theorv while t re k°:- ° f ° Pe, ' ati ° n ° f such d -ices Therefore, this 
tion of the h d b ! ng material *y to an understanding of the opera- 

oroh^m rTT: mUSt ^ reC ° gnized as a limited solution of the oscillator 
tin A +* y sup P^lementing the theory with practical design and 
g a a a generally satisfactory understanding is possible. 

t : 0 SC1 Jf, ° rS may assume a variety of forms, depending upon the applica- 

e application will dictate the frequency range, th' 
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frequency stability, the output power, the character of the tuning con- 
tZ and other items. For example, relatively 1-f power oscillators a 
often used for induction heating, and such units in excess of oO U are 
available commercially. The question of frequency ^ability is of n a¬ 
tively minor importance in this application. Similarly, the h J er 
quency dielectric heaters are also relatively simple power oscillators, 

little real need for frequency stability. . , 

The oscillator which is part of the superheterodyne receivei has a 

different set of requirements. Such an oscillator must be simple ,| de^gn 

but at the same time must be quite stable. It must also be of lo " P°" er _ 

and small size and must be capable of tuning over a relative y 

qU T n he y os a cilla e tor which is to be amplified to serve as the carrier of a 
radio transmitter must be extremely stable, of low power, and of a ingle 
fixed frequency. In this case temperature-controlled crystal oscillators 
are used, with multipliers and amplifiers to set the desired frequency and 

P 13-2!' Conditions for Self-excitation.' To ascertain the conditions that 
must be fulfilled for oscillations to be sustained in a vacuum-tube circuit 
refer to Fig. 13-1. In Fig. 13-la, the circuit is supposed to he open at 




\ / " 

Fig. 13-1. A vacuum-tube circuit with coupling between che output and input circuit. 


point A, as shown. Suppose that a potential E g is impressed on the 
grid of the tube, without regard to the source of this potential. The 
output current is giventry g m E„ for an assumed linear operation of the 
1 circuit. Now because of the current I to the input of the coupling net¬ 
work, a certain potential will appear across the output terminals ol this 
coupling network. If this return potential is equal in magnitude and 
phase to the original potential E 01 the circuit may be connected at point A 

and the system will continue to operate. 

On the basis of this discussion the criterion for oscillation may be 
given in terms of the total gain, both amplitude and phase, around the 
loop consisting of the input through the amplifier, and then through the 
coupling network. Oscillations will occur if this total loop gain is unity 
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multiple o P fT ' 0 ° P “ eithcr 2ero or integral 

transferimnean he “ for 1 . oscillation analytically, consider first the 

which ^ impedance of the coupling network, which is denoted by Z T , and 

From the ratl ° ° f the out P ut potential to the input current. 

From the diagram of Fig. 13-16, this is seen to be Z r = - E /I Conse¬ 
quently, for oscillations to occur, it is necessary that 


QmEg -f- 


E 


r 


Z T = -E 


or 


E 


g m Z T E, + - 2 = -E 


v- 


But since the output potential of the vacuum-tube amplifier is related 
to the input potential by the gain, then 


E 2 = KE 


0 


and so, combining with the above, 

QthZt E tf ( 1 -f- 


f) - 

Therefore, for oscillations to be sustained, it is necessary that 


QmZi 


(■+!) = - 


(13-1) 


nnint° Uld noted that both the transfer impedance Z T j^n d the driving- 
? * ™P e ^! lce of the coupling network Z (defined as -E 2 /I) are 

• p m ^* IS express * on > latter appearing in the expression for the 

oscillations 121 ° ne ^ orm the Barkhausen criterion for 

inP ara ^ e J expression for the conditions for sustained oscillations 

nntpnti»f ° . impeclance z is readily possible. Thus noting that the 

potential -E 2 is given by IZ 


I 


This becomes 


(g m E 0 + Z = - 


E 


QmE a -f- - 


KE 0 g 


m 


Z = -KE 


which reduces to 
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This may also be written in the form 


1 


0mZ 


+ l~ K 


(13-3) 


This is another form of the Barkhausen criterion for osc ‘ llat,0 " S - 

It should be noted that the ratio E„ E, is a measure of the ractio 
of the output potential that is fed back into the input circuit through 
the coupling network. This ratio is denoted as g, and 

± (13-4) 

Qm Z M 

Note by combining Eqs. (13-3) and (13-4), that the feedback ratio of the 
network is related to the gain of the amplifier circuit by the simple 


3K = 1 


(13-5) 


which shows that the total loop gain is unity. This condition for oscilla- 

tion was discussed in Sec. 5-1. . . . , ^ 

The condition Kg = 1 is the minimum case for oscillation and provide 

no margin for changes which might occur either in the tube or in the cir¬ 
cuit, components df the oscillator. Ordinarily practical considerations 
dictate that Kg be slightly greater than unity in order to allow for inci¬ 
dental variations in the tube and circuit parameters. A factor of safety 
of 5 per cent is usually adequate under most circumstances to ensure 
oscillation, although often the factor actually used is much highei than 

th 'l3-3 Influence of Transconductance g m . The criteria for oscillation 
> given in Eqs. (13-1), (13-3), and (13-4) are valid only for the linear region 
of the tube characteristics, since it is only for this region that the current- 
source equivalent circuit is valid. Despite this limitation, the expressions 
may be extended with significant results over the nonlinear portion of 

the tube characteristics. 

Refer first to Eq. (13-1). As a first approximation, K/ M , for constant 
M depends directly on g m . Factors other than g m are external to the tube 
and are independent of the potential and current magnitudes. Clearly, 
g m is the only factor in the expression that will depend on the portion 
1 0 f the tube characteristics that is used. Likewise, in Eqs. (13-3) and 
(13-4), if it is assumed that n remains substantially constant over wide 
excursions of signal amplitude, and this is a reasonable assumption, and 
since K involves m and r p , or g m , then here, too, g m is the only factor 
that may vary during operations. 

The transconductance g m , which is the slope of the e c -i b curve, is not 
constant for large changes of input grid potential. In fact, it is precisely 
this variable character of g m which accounts for the successful operation of 
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oscillators. For a given set of circuit parameters, the oscillations will 
build up until the value assumed by g m is such that the conditional equa- 
tions [Eqs. (13-1), (13-3), and (13-4)] are satisfied, when sustained oscilla- 
ions W1 ^ ^sult. If g m cannot assume a sufficiently large value for these 
equations to be satisfied, then the potential fed back from the output 
to the input circuit is insufficient for maintaining the oscillations and , 
they will die out. If g m were too large, the potential fed back would be 1 



average transconductance g m . 


greater than that required for the oscilla- 1 
tions just to be sustained and the ampli¬ 
tude would continue to increase. 

If the average transconductance g m is 
defined as the slope of the line connecting 
the two extreme points on the transfer 
characteristic appropriate to the input 
signal, as illustrated in Fig. 13-2, 

* 

ronx Ib. min /in I 

9m = p - —p - (13-0) 


The Barkhausen criteria for sustained oscillations in modified form 
become 



decaying oscillations 
sustained oscillations 
growing oscillations 


(13-7) 


An approximate relation between the average transconductance g m as 

'K 1 ne tv ^ (13-f)) and the mutual conductance of the tube g m is pos- 

S „; “ done by assuming that the transfer curve is linear, as 

i us ia e in ig. 13 - 3 . It follows for the usual class C condition which 
is illustrated that 


1 



i 


and also that 

n A.max 

° m 2 E am 

(13-8) 


n — A.max 

-E, o + 

(13-9) 

The ratio of these 

expressions gives 



__ ~~E 0 q -f- E c , 


am 



(13-10) 
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fs a in h the S f e ore C K oinf thlt ^ ^ the pr ° Cedure assum ^ 

• i , g, that the operates as a class C device Also 

thp /W d fact that ° scillation >s sustained when the loop gain at 

oscillation is that ’ he assumed conditwii for 

JK — 1 at fundamental frequency (13-15) 

“ cdl ’" k '" to "' and K is th - 
The assumptionJs now made that it is possible to define an effective 

L“~c C : S ""’ : hM th ° *mpli«erTI t h tr 

mental frequency is given by a relation of the usual type, namely, 

. K = 9mZ (13-16) 

Tn^lnnm^ ^ ^ iS £P ratin S ™der class C conditions/ 

pofsible for aT r Pr r° n f ° r 0m m tCrms of the 9m of the tube is, 
the transfer l! T characteristi «= of specified shape. Suppose that 

is deLeX the et r Z:r 0 f e t “‘ d - ta - * the tube, and which 


a — I ? 1 ” 1 

y m „ 

^ Om 


(13-17) 

deTirId 6 rtf*?* llklStrated < 9m is given by Eq. (13-9). To find the 

of nirrpnt 1 °^ 1 * s necessar y to evaluate the fundamental component 

’ plm * Thls 18 ff^en by the Fourier expression 

2 [ T 

Ip\m = -J, I COS Cot dt 

Therpfnr (urren t pulse has the known form given by Eq. (13-11). 

Therefore the required expression is 



/ - z 
1 P lm ~ 7p 


'lb 


(b 


ff".[ E ,o + _ E, m + E„ m cos at] cos at dt (13-18) 


This expression integrates to 


Ip lm — 


which becomes 


= n Eom ( sin 2cot\ tb 

T^-rv-sr) _ lb 


T __ QtnE 

1 plm — - 


7T 


Therefore by Eq. (13-17) 



m l 

- m b - 

(] in Eg m • 0 

2 ^ sin 2c ot b 

(13-19) 

o>4 

sin 2a )t b 

(13-20) 

7 r 

2tt 
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In terms 

p 

of the conduction angle 06 



gl 06 sin 0 6 

(13-21) 


g m 2x 2 tt 



But for the transfer curve as defined, the plate conduction angle is 
defined through Eq. (13-12), namely, 


a 

- b = (at b = COS 

Ld 


—EyO 4 " Ec.nxf.x_ E 

E 


grn 


(13-22) 


gm 


Equation (13-21) shows that the effective slope g m is proportional to the 
normal slope g m but otherwise depends only on the ratio 


E a o + E c . 


ma x 


E 


gm 


The dependence in this case is on the same factors as in the prior calcula¬ 
tion in Sec. 13-3, but in a somewhat different manner. 

As a comparison with Eq. (13-14), again assume that 6, -120 deg. 
For the present case g m /g m = 0.195, a value slight!) les> than t nit given 
before. However, since both forms (13-14) and (13-21) are only approxi¬ 
mations, either may be used with roughly comparable results. 

13-5. Amplitude and Frequency Conditions. Since m Eqs. (13-/) the 
quantities K, Z, and Z T are complex in general, the conditions for self- 
sustained oscillations require that both the real and the imaginary parts 
of the expressions separately and simultaneously satisfy the appropriate 
conditions. Refer specifically to the third equation of (13-7). Here the 

conditions to be satisfied are 




(13-23) 


where Re and I in denote the real and imaginary parts, respectively. The 
equivalent pair of expressions are 




(13-24) 


The first of the two sets of conditions contains a great deal of information 
concerning the amplitude of the oscillations and specifies, in fact, a value 

of 7j7 n or and in consequence determines the amplitude of the oscilla¬ 
tions. The second of the two sets of conditions contains information 
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An examination of the first of Eqs. (13-24) reveals the following general 
information: Since M appears in the denominator, then for large „ there 

is an almost 1 :1 correspondence between g m and K. Since, however, g. 
'Mil vary over a range from zero to some finite value, then any condition 
makes Z large (and K therefore reaches a constant value) would 
pe. nut most easily the production of sustained oscillations. That is, sus¬ 
tained oscillations are favored by circuits for which Z > r p . An antireso¬ 
nant circuit possesses a high impedance at the resonant frequency, and 
e impedance drops rapidly as the frequency moves off resonance. Such 
a circuit is suitable to provide sustained oscillations and also provides 
goo requeue} sta ility. However, certain nonresonant frequency- 
selective circuits are also used satisfactorily in oscillator circuits. Cir- 

■ui s o o e resonant and nonresonant frequency-selective network 
types will be studied in detail. 

13-6. Fixed Bias and Starting Characteristics. Before examining 
particular types of oscillator circuits, it is well to examine the effect of the 





€ 9 +~ - 1 


secants 3 for determ^mW f S h CllIator b,ased to the left of cutoff, and the corresponding 
secants tor determining the average transconductance. 


giid bias oil the operating features of the feedback circuit. In particular, 
suppose that the bias of the circuit, as indicated in Fig. 13-2, is set to a 
value beyond the cutoff of the tube. A number of possible operat- 
ing_conditions are illustrated in Fig. 13 . 4 . Evidently the initial value 

°f Qm — Qm\ is zero, and Eqs. (13-7) show that oscillations cannot build up 
since the circuit conditions correspond to decaying oscillations. 

Suppose that a potential e a2 is applied, whether from an external source 
or produced by a transient phenomenon. If the mean value of gZ* is 
small, the conditions required by Eqs. (13-7) for sustained oscillations 


1 


i 
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qav e appears on the grid and if this is sufficiently large for oscillations 
to grow, L. amplitude of c„ 3 will increase until the conditions for sus- 

tained oscillations are fulfilled. . 

Clearly, for an oscillator biased near to or beyond cutoff, the circuit 

will not be self-starting. However, as is evident by company; the results 

illustrated in Fig. 13-4 with those in Fig. 13-2, the amplitude of the osc 

lations is larger in the heavily biased oscillator. This results in an 

increased efficiency, a feature that may be very desirable in a pow 

oscillator although it is usually of small consequence in low-pou er sources. 

Also, since it is quite easy to induce oscillations, the overbiased condition 

is not objectionable from this point of view. . , 

13-7. Grid-resistor-Grid-capacitor Biasing Circuits. The use of a 

grid-resistor and grid-capacitor combination, as illustrated m Fig. 13-o, 




' — c 

Fig. 13-5. An oscillator with grid-resistor and grid-capacitor biasing. The build-up 
conditions arc sketched. 

not onlv allows the self-starting feature but also provides for an operating 
bias at'or beyond cutoff. The operation of the circuit is illustrated in 
Fig 13-5 and is essentially the following: When the circuit is first placed 
in operation, the grid bias is zero and the operating point is high on the 
> characteristic, where the value of g m is large. The third of the cntena 
[Eqs. (13-7)] applies, and growing oscillations occur and continue to 
increase in amplitude. On the positive portion of the swing, the grid 
potential becomes positive, thus charging the capacitor. The time con¬ 
stant of the grid resistor and capacitor is such that a substantially steady 
bias is maintained. This bias displaces the operating point to the left, 
as illustrated, with consequent increasing amplitude of oscillations the 
amplitude of the oscillations continues to increase until an equili mum 

r 1 * J 1 - rmncWillOnt. R_ 
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The magnitude of the bias may be controlled to some extent by the proper 
choice of R„ and C„, although, as discussed in Sec. 12-9, the values of R, 
and C are not critical. They are generally determined experimentally. 

As illustrated, the amplitude of. oscillation will be such as to allow 
admail grid current to flow during the positive peaks of the cycle. It is 
his small grid current which serves to charge the grid capacitor. In 
act, the variation in grid current can be used as an indication that oscil¬ 
lations have been established and also as a rough indication of the 
amplitude. 


If the time constant R t C 0 is too large, the bias potential across C, 
adjusts itself slowly to sudden changes in the amplitude of oscillation. If 
this rate of adjustment is so slow that the oscillations can die out before 
the bias potential can change appreciably, then with sudden changes in 
the amplitude the action is very much as though fixed bias were used. 
As a result, it is possible that the oscillations will die out. Hence a 
possible condition is one in which the oscillations first build up in ampli¬ 
tude to the equilibrium value. Any slight irregularity that tends to 
reduce the amplitude of the oscillations will cause the oscillations to die 
out owing to the substantially steady bias that exists. Once the grid 
capacitor discharges through the grid resistor and the bias reduces 
su dent j, t e oscillations will again build up, until the above process 
jepeats itse . his intermittent operation can be overcome by decreas- 

!^ !\ e * ime cons tant R g C g . For stability to exist, it is necessary that 
the bms reduce as the amplitude of oscillations decreases. 

. uned-plate Oscillator. The tuned-plate oscillator is one in 

which an antiresonant circuit is connected directly in the plate circuit 

of the vacuum tube, the grid excita¬ 
tion being supplied by inductive 
coupling to this plate circuit. The 
complete circuit has the form illus¬ 
trated in Fig. 13-6. It should be 
specifically noted that this is just the 
circuit of a tuned class C amplifier, but 
with the circuit providing its own grid 

Fig. 13-6. Tuned-plate oscillator. excitation - Consequently the analy- 
ya ses of Chap. 12 of the tuned class C 

amp 1 er app y or the tuned-plate oscillator except that the grid driving 
povei re uces the total available power output. Owing to this slight 

1 erence, power tubes carry a single manufacturer’s rating as an r-f 
power amplifier and oscillator. 

In order to examine certain of the properties of the oscillator the condi- 

jonal equation for sustained oscillations [Eqs. (13-7)] will be examined. 
L Qr simplicity, it, will he 



r. 


a; 
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The grid excitation is then simply 

, = Z.yl L 

The transfer impedance is given by the relation 


Z - Z?* - 
Zr " I, ” 


Z,/Il 
II T Ir 


(13-25 


But since IlZ^ = I f Z r , 


7 __Zul/^ 

Lt " I L + I/.(Z L /Z f ) 


_ZvZ, 

Z/. + z 


(13-20) 


Also, the quantity 


i.5 = i__?_=_ !± — 

M r p -+* Z + Z 


(13-27) 


where 


Z = 


Z/Z, 
Zr + Z f 


(13-28) 


The conditional equation for sustained oscillations may then be written 
in the form 

Z.\/Z c r /> 


0 


m 


Zz, + Z c r p T - (ZlZ^/Zl T- Z c ) 


^ = 1 


(13-29) 


which is 


g m l M l c = (Z t + Z c ) + 


Z,Z C 


P 


or 


. R 


L 


i > 


0" ^ = R + 3 V L »(') j uCr p + Cr p 
By equating the real and the imaginary teims, then 1 icsults 

amplitude condition 
phase condition 


(13-30) 


- M p , L 

Qm-77 = + r 


C 


and 


uL — 


1 


Cr p 

R 


(13-31) 


a ,C o)Cr 


= 0 


The first of these equations may be written in the form 


Q m 


iiRC 


uM - L 


(13-32) 


which specifies the average of g m (or g m ) and which, through Eq. (13-14) 
or (13-21), specifies the plate conduction angle 0 b . This expression pro¬ 
vides information, at least in principle, concerning the amplitude of the 
oscillations. 

The second equation becomes 



1 


(13-33) 
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If the quantity co 0 is defined by the relation 


Ci)Q — 


1 


Eq. (13-33) becomes 


Vlc 


OJ = OJn 



(13-34) 


This equation shows that the frequency of oscillation will be approxi¬ 
mately the resonant frequency of the circuit, the factor involving the 
ratio R/r p being small. However, the frequency of oscillation will 
always be slightly higher than the resonant value. Clearly, the tube 
plays only a minor part in determining the frequency of oscillation, the 
external circuit elements exercising the main control. In fact, the 
influence of the tube on the frequency becomes less as the shunt resistance 
of the antiresonant circuit increases or, correspondingly, as the series 

resistance in the tank decreases. 



Fig. 13-7. The sinor diagram of a tuned- 
plate oscillator. 


If circuits of very low dissipation 
are provided, the oscillator has a 
very high degree of stability. 

A sinor diagram of the circuit in 
its steady oscillating state may be 
drawn; this applies for the funda¬ 
mental frequency. In the diagram 
(Fig. 13-7), the sinors are not drawn 
to scale owing to the different orders 
of magnitude that usually exist 
Also, angles are exaggerated for 


among the currents and potentials. 

clarity. 

Under most circumstances the angle a = tan- 1 (a >L/R) = tan" 1 Q will 
be very nearly equal to 90 deg, and the feedback angle (90 - a), that is, 
the ang e between — E 2 and E g , will be very small. This means that the 
feedback occurs substantially with 180 deg phase displacement, so that 
a ecieasing plate potential reflects itself as an increasing potential on 
the grid. Since there is also a phase shift of 180 deg through the tube, the 
phase s lift around the complete loop is zero or 27 r, as already discussed. 

13-9. Other Oscillator Circuits. A variety of vacuum-tube feedback 
oscillatoi circuits exist, each of which possesses some special character¬ 
istics. The ba-sic circuits and the coupling networks of the more impor¬ 
tant types of oscillators (see Prob. 13-1 for the amplitude and frequency 
equations) are contained in Fig. 13-8. In each of these circuits operation 

is essentially class C, the essential difference among them being in the 
coupling network. 

Each of these circui 
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With either inductive or conductive coupling between the output and 
input circuits. This does not imply that only circuits which possess 
an antiresonant circuit will operate successfully as an osullatoi 
fact, circuits in which the feedback is accomplished through resistance 



Tuned grid oscillator 



Har tley 


l RFC 


, , C 9P 

WT 


Colpit+s 


H 


L 

non 


R 

»/W\ 



l . _ y ~'9P 

-=F Tuned grid tuned plate 

Fig. 13-8. The circuits and coupling networks of the more important oscillators. 

and capacitance networks-will be examined in some detail. However, the 
above networks do possess a feature that is common to all feedback 
oscillator circuits; they all provide a 180-deg phase shift between the 
output and input circuit so as to satisfy the necessary condition for 

back to exist. 
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Tw/Sitor'd ^ de f ir f leab0Ut the tuned-grid-tuned-plate oscillator. 

possibl hro,° B T ltS 0peration 0n the feedback that will be 

tank re, gnd-plate capacitance C ap . In this circuit the plate 

he t id hT 13 Sli f tly high6r than the resonant frequency of 

h e i 1T r S CaUS , CS th ° Plate drcuit t0 be inductive, and a nega- 

hus T' reS,S r; e re ? Which ? verc °™s the grid-circuit losses and 
mus allows oscillations to occur. 

toi 3 : 1 ,?; f abiliz f ion of F ® e dback Oscillators.* Vacuum-tube oscilla- 

suffer changes in frequency with variations in any operating 

For exln l f mV ° ,VeS eifher ‘he tube or the circuit parameters 
mice anH a . c ' ha uge in temperature may cause a change in the induct- 

In tlie LTZ T e , l tank 6lements aild ma y cause a change 
\lso i eh ° a ■ ° an the plate-cathode interelectrode capacitances. 

can ’^ lge U A P ^ te POtentiaI resu ^ m changes in the interelectrode 
• t ' * S -iu C angG 111 ^ ie C0U Pl ed load causes a change in the shunt 

fnrto h 6 ’ "» th a C ° nSequent chan S e in frequency. Although these 
a( ois hawe been neglected in the explicit discussion given above of the 

C k 0118 ° SC1 at °* clrcuds > they do play a part in determining the fre- 

tn , C ^ ’ Sln ^ t e > "iii contribute to a variation of the tube or circuit 
constants of the coupling network. 

t ^^relationship can be obtained which, serves as a guide in estimating 

of u-rT 1Cf l lIcnc > stability of an oscillator, the comparative frequency 

n Vu/ sc\eial oscillators, or the influence of factors which have only 
a slight effect on the frequency of the oscillator. 

.. r d :r d re 1 iationshi p ma > r be ^ om e q . (13-5), viz., = 1, 

f J i-^ 8 , e con ^ition for oscillation. When oscillations exist, the ampli- 
,• f r } e circuit phase shift must have such values as to 

thr ^ h fL )asi ^ condition for oscillation. Suppose that the phase shift 
°, 1 S , e tu e does not vary appreciably with frequency, for very 

a c anges in fiequency. This is generally a valid assumption. Any 

n °" 111 rec l llenc y must be accompanied by a change in the phase of 

h f n *- U n 0r W * s sucb tbat t-he total phase of the circuit remains 
s an 1 a y constant, otherwise oscillations will cease. The rate of 

\ ana ion o P ase with frequency dO/du is evidently related to the 

requenc} s a 1 ity of the system. I n fact, the frequency stability S/ is x 

dehned by the relation 


S f = 


CO 0 


do 

dco 


de _ 

d co/ .do 


(13-35) 


% 

where <o„ is the mean frequency of the oscillator. Clearly, the larger the 
value ot S f , the more stable is the system. ' In the limit as S, becomes 
infinite, the oscillator is completely frequency-stable. 

As an indication of the significance of this stabilitv criterion 
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that a variation occurs in some elements of the circuit other than the 
(5 network, which is supposed to control the frequency of the system. If 
the requisite phase condition specified by Eq. (13-5) were initially satis¬ 
fied at the particular frequency of oscillation, then when the change in 
the element occurs, the circuital phase condition will, in general, no 
longer be satisfied. As a result, the frequency of the oscillator will shift 
until the circuital phase condition is satisfied once again. If the (3 net¬ 
work produces a very large phase shift for a small frequency change, i.e., 
if S/ is large, then the required frequency shift to restore the circuital 
phase condition will be very small. 

A number of corrective measures may be taken in order to improve 
the stability of an oscillator. This would include the careful choice of 
inductor and capacitor, either with negligible temperature coefficients oi 
with such temperature variation that a change in one parameter is coun¬ 
teracted by an opposite change in the other. Any changes that might 
result from changes in the plate potential can be overcome by the use of 
adequately regulated sources. 

The effect of changes in the load impedance on the frequency may be 
eliminated by using an amplifier to isolate the load from the oscillator. 
This system is called a master-oscillator power-amplifier system and is usu¬ 
ally abbreviated MO PA. ^ 

A number 4 of other methods exist lor improving the frequency stability 
of oscillators. These include the use of compensating reactances to effect 
virtual isolation of the tank circuit from the remainder of the oscillator; 
the use of a crystal for controlling the frequency; the use of an ampli- 
V tude-sensitive feedback stabilization 
loop. Some considerations ol these 
matters will be given below. 

13-lJ.^Phase-shift Oscillator. 6 It 
is not n'ecessary that an oscillator 
include an LC antiresonant circuit in 
the coupling network. A simple one- 
tube oscillator is possible which incor¬ 
porates RC networks alone to provide 



Fig. 14-0. A phase-shift oscillator. 


the requisite phase change in traversing the closed loop. The circuit is 
illustrated in Fig. 13-9. 

The operation of the circuit may best be understood by considering 
that the oscillator operates as a class A device and that each L section, 
which consists of a C and R combination, shifts the phase by (>() deg at 
the frequency co. This explanation assumes that there is no loading by 
one RC combination on the others and that there is no loading by the 
coupling network on the plate load resistance. The use oi three such 
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the input, and this, together with the 180-deg shift by the tube, will pro¬ 
vide the 2tt shift for successful operation. Under the assumptions that 
C\R\ = C 2 R 2 = CJtz = CR, with R 3 ^>> R 2 » R h it follows that 


= a/3 — ‘ 


(13-36) 


or 





(13-37) 


A more exact calculation, under the assumption that the amplifier load 
ing by the phase-shifting network may be neglected but with 


Ri = R-j = R, - R 


and 


Cl = c 2 = c 3 = c, 


yields the relation 


co = 


1 


Vfi RC 


(13-38) 


It would be possible, of course, to obtain the required 180-deg phase 

shift with more than three sections, but there is no particular advantage 
in doing so. ^ - * 

As might be surmised, there is an appreciable attenuation in potential 
in progressing through the network. At the frequency of oscillation, it 
is found that (3 = Consequently, for oscillations to be possible, i.e 

/» \ /» 1 1 . 1 « a a I_ 


* « 


to fulfill the condition |K(3| — 1, the amplifier must possess a gain of at ^ 
least 29. Consequently, either a high-/t triode or a pentode must be <4 

1 1 • 1 ■ . 


employed in such a circuit. 

1 he frequency of the oscillator may be varied by changing the value 
of any of the elements in the feedback network. However, care in the 
change of the element is important; otherwise, the impedance looking 
into the phase-shifting network, and its phase, may change to such an 
extent that the K3 = 1 relation may no longer be satisfied and oscilla¬ 
tions will cease. For small variations in frequency, a single element may 
be changed. For wide variations in frequency, the three capacitances 
should be varied simultaneously. The three resistances could also be " 
varied simultaneously, but this will cause a serious change in impedance, 
with a consequent effect on the amplifier gain and so the possibility of 
discontinued oscillation. It is quite possible to remove the restriction 
that the values of all R and of all C be equal. Such a change will com¬ 
plicate the matter of securing variable-frequency operation. 

13-12. Resistance-Capacitance Oscillators. A form of coupling net¬ 
work that has been used extensively in relatively 1-f oscillators is given in 
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sensitive function of the frequency, and such RC oscillators are quite 
stable. However, such a simple network will not provi eso .a g P 
shift between the input and output terminals, and it is necessary 

incorporate a second vacuum tube in the 1 

circuit in order to provide an additional 
180-deg phase shift. The circuit, when 
drawn in the manner of the previous cir¬ 
cuits, is that shown in Fig. 13-11. 

K 


Rl \E: 






Fig. 13-10 

oscillator. 


An HC coupling network for an 


Fn.. 13-11. An IK ' coupled oscil¬ 
lator. 


This circuit may be analyzed in a direct manner by as * u ™''' s 

tubes operate in class A. Refer to Fig. 13-12, wh.cb Aous t^eomplete 

roS ;r of - 

diagram shows that 

Et = K.vE ' 2 

This may be written in the form 

El = K.vIZ a 


if it is assumed that the mput impe 


‘dance to the amplifier is very high. 



\E 2 


P 


Fig 13-12. The complete coupling circuit of the RC oscillator. 


The transfer impedance of the network becomes 

E, K,yIZ „ 

Ip II T I 


Zr = 


But as 


then 


I(Z, + Zf) = I lRl 


Zr = 


K.ylZ,, 

T Z» T Z/ . T 


KsZ 0 Rl 
Z„ T Z/ + Rl 


(13-39) 
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Also, it is noted that the impedance looking into the feedback network is 


2 — RjXZp -f - Zf) 

^r/ "L Zf -f- Rl 

The feedback factor ? of the network is 


(13-40) 


3 


E, 

E, 


I„Z r 

IpZ 


Also, the gain of the amplifier is K„ 


KvZ, 

Z„ + Zt 


(13-41) 


K„ = 


_ ~mZ 


r v + Z 


(13-42) 


The conditional equation for oscillations, K„? = 1 , becomes 


K„(5 = 1 = 


-nZ Z 


T 


nZ- 


1 Z Z r p -j- Z 
Combining with the known forms for Z and Z T gives 

mK xZ„R l 


(13-43) 


r P (Z n + Z/ + Rl) + R L (Z a + Z f ) 
from which it follows that 


= 1 


(13-44) 


-juK vR r = r p^o_±Zf + Rl) + R l (Z 0 -f- Z f ) 

Z 


(13-45) 


0 

By including in this expression the known values of Z 0 and Z /; namely, 

1 


2 —_ j(Ri/uCj) ' 

’ «*-j(l/«t?i) Zf = R, ~ j u c, 


(13-46) 


v * ' ' l 

nd equating leal and imaginary terms, two expressions result. They 

al 6 


-mK,-R, Rl = (is, + Rt + (rp + RL)+r 


R 


P L 


Rl 
r 


R ' R2 + (7?1 + **** ~ = 0 


(13-47) 


The first of these expiessions .yields for the required gain of the ampli¬ 
fier in the coupling network 


-K.v = 


1 


fj. R 2 R 


The second yields for the frequency 


r „ R L + («, + lt 2 + (r , + Rl) 


(13-48) 


CO“ = 


1 


C\C 



Rz + 


R,R 




(13-49) 
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Ordinarily R 1 = R, = R, Ci = C 2 = C, and R > Rl, whence^ ^o\ ~ 


„ r t ,Ri 4- 3(r p + Rl)R ^ A f l - -f 1 
Kv " txR L R g m \r P 


— jvv 


/?L 


(13-50) 


and 




»v 


'I 


i) 


0 

CO" = 


1 


r>( p 2 , 

c -1 /c + rqr/^77 


1 

C - R- 


(13-51) 


It will be observed from Eq. (13-50) that the coupling amplifier which 
is part of the network must indeed provide phase reversal, as indicated 
in Fig. 13-12. Moreover, for the values of r p and Rl which would ordi¬ 
narily be used, the magnitude of the gain of this coupling amplilier might 
be of the order of unity or less. What is implied by Eq. (13-o0j is t lat 



the phase shift through the passive elements of the coupling network, 
composed of C^R^ in series and CiRi in parallel, is 0 deg. and the ampli¬ 
fier circuit is required in order to provide the necessary additional ISO deg. 
From purely practical considerations, since the amplilier K v would nor¬ 
mally provide a gain considerably in excess of that required, negative 
feedback is ordinarily included in both vacuum-tube circuits, both to 
reduce the gain and also to improve the waveform. The manner of 
achieving feedback is illustrated in Fig. 13-13. Because of the form of the 
’ network this RC oscillator is known as a Wien bridge oscillator, i 

7 0 i 

The modification shown introduces certain significant consequences 
into the operation of the circuit. In particular, for a given R i and t ube 
T 1, if R ^ is adjusted so that the bridge is balanced, the grid-cathode 
potential is zero. That is, the Wien bridge output (in this case, chosen 
as the grid-cathode potential) is zero at the balance point but is different 
from zero for all frequencies in the neighborhood of balance. Cleaily, 
there will be no feedback at the balance point, and the system will not 

3 bridge itself (neglecting the loading of R< 
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by tube 71), the conditions for balance and balance frequency are 

R, 

Rd 


R i , C 2 


a >0 = 


1 


RiR 2 C 1 C 2 

which become, for Rl = R 2 = R> Cl = C 2 = £7, as chosen above, 

R 3 


Ra 


= 2 


C0 0 = 


1 


s, foi these conditions, the circuit is a frequency-selective feedback 

rejec ion amp 1 er. For the circuit to act as an oscillator, the ratio 
/t3/K 4 must be chosen greater than 2. 

Continuous \aiiation of frequency of this oscillator is accomplished by 
varying simultaneously the two capacitances C, and C 2 , these being var- 
mjle air capacitors. Changes in frequency range are accomplished by 
switching into the circuit different values for the two resistors R x and /?,. 

e use o \aiia e icsistances could, in principle, be used for the con- 
muous contio . If, however, tracking is important, the capacitors are 

. G enec h as is less difficult to build variable air capacitors to 
!ac ' accuiately than to build resistances to track with the same precision. 

wing to the limitations imposed on variable air capacitors, to attain 
ow frequencies requires that large resistances R be used. A practical 
lmit exists to the size of R , in one instance because of blocking that 
ring it occur in 7 1 (note that one R is the grid resistance of this stage), 
a . n SG 5? n eca use of the increasing problem of shielding the grid against 
S f C P S P°^ en tials from the power supply. A practical limit to the 
size o is perhaps 10 megohms, so that low frequencies of the order of 
cps aie rea ily achieved. At the high frequencies, with the consequent 
re uc ion o , the loading of the phase-inverting amplifier increases. 

KT+ n 1 f 6 does not stop the oscillations, it will affect the sta- 

1 a^° am ^ 1 *' uc ^ e oscillations with change of frequency range. 

VC1 ^ ln o e ni°us modification of this circuit 6 which serves to stabilize 

the amplitude against range switching 
and against aging of tubes replaces R x 
by a tungsten-filament lamp, ordi¬ 
narily a 115-volt 3-watt lamp. The 
revised circuit is given in Fig. 13-14. 
The effect of providing the tungsten- 
filament lamp, which possesses a posi- 

Fio. 13-14. Wien bridge oscillator. tive temperature coefficient of resist- 
„ . ance, is to provide a system which 

au omatica y changes the feedback factor 3 in such a direction as to keep 

more nearly constant as the gain of 7T and T2 varies owing to loading 
or other variations in the circui 
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The current through the tungsten lamp R t consists of three compo- 
n ™ D the d-c component through Tl. which for class A operation . 

thp ca thode The resultant a-c current through /?, is compaiable 
with and perhaps larger than, the d-c component, with the result tha 
the value of the resistance of R< will be controlled to a large exte 
hv the amplitude of the oscillations. Note, of couise, that toi adequate 
control of the amplitude, the thermal time constant of the tungsten lamp 
must be large compared with the period of the oscillations; otherwise, 

amplitude drift may occur. _ , tn the Wien 

13-13 Bridged-T and Twin-T Oscillators.- In addition to the \\ ten 

bridge which is incorporated into an oscillator circuit, the bridged-1 an 
the fwin-T networks may similarly be used. The characteristics ot these 

networks are shown in 1 able 13-1. 

TABLE 13-1 

CH Alt ACTIO RISTK'S OF BRIDGF.D-T AND nMN-T Nl-.n\ORRS 


Circuit 


Condition for 
balance 


Feedback factor 


Bridged-T 



Cd 0 — 


+ 

E. 


1 E* 

lirCxCi ! E, 




1 + i 


to /too 


1 — (co/too) 2 Q 


fi+ft I Q 

LCiCi 1 


U) 




Twin-T 


R 

.—WW 


R 


+ 

-- 1 —|H*-1 

1 + 

“° _ nliC 

^ ... co/wo + 

Ej 

n* § -2n. 2 C 

2 > i 

'E 2 

1 

^ 1 — (co/too) 2 n 


L 1__ 

1_ J 


1 



From the fact that tne pnase sum mruugu me .0 v, v.v h - 

condition of balance co = u 0 , it might appear that the output of a single- 
tube circuit may be coupled directly to its input through the network 
and a normal phase-reversing amplifier, as in Fig. 13-11 for the Wien 
bridge oscillator. As with the Wien bridge oscillator, this is not possible 
because the feedback factor is zero at balance, so that the feedback poten- 
iial. and in fact the input to the amplifier, is zero. T hat is, the system is 
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AU 

ziiTbts'-p^ zrtrz the “" ce; '■«>“»«?.»«» 

Ls cl u t t hc nve ng i ° ? CUit ° f Fig ' 13 ‘ 15 “«* ^ used. In 
s mult, the mvemo,, is derived from the resistor combination R 3 R, 

That i, TZ P 7 nC,Pally t0 provi(Je a low-impedance driving source' 

the grid ° a ^ TI “ “ * h^e, ,-c po.enZZ 




Alterna(i\e bridged-T and twin-T oscillator circuit. 


T2^is given^n'irjg 01 iTiV' 1 " h ' Ch th ° ncccssar T inversion is derived from 

circuit of Fi'e'lTls' 6 " foregoln S circuits as well as the Wien bridge 
of tube Tl, one 'of wWchTof T** ^ POtCntia,S t0 thc in »> ut 

hTtt t’ l tr H Tv ^ CrCaSC th ° gain over that in the absence of feed¬ 
ing ' f' h | l e ?u° ther lntroducos degenerative feedback. The resultant 

magnitudes of the two feedback i , ,, 

such that degeneration occurs at a l 1 ““ Ti 

m t he n o,g hbo,h.od .1 the frequency „f oecilMon. H i, only „ „J. 
irequencies that oscillation will occur. 

From practical considerations, the Wien bridge oscillator is preferred 


i 
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over the other circuits, because of the ease of frequency control and var¬ 
iation, and because fewer variable circuit elements are required for 

control. 

13-14. Negative-resistance Oscillators. One may interpret the fore¬ 
going analyses of feedback oscillators as a demonstration of the fact that 
it is possible to devise circuits containing vacuum tubes in which the 
power generated is sufficient to overcome the losses of the circuit and also 
to provide the power that is transferred to an external circuit. It the 
total loading or dissipation within the circuit is represented by a certain 



XAVJ* 1 I . UV^liVl > V * ~ ---- - / * 

the region of negative plate resistance. 

equivalent resistance in the plate circuit, then the tube may be repre¬ 
sented as a negative resistance of such a magnitude as just to overcome 
the total dissipative terms. The oscillations in the circuit will then be 
sustained at the stable level required by the variations ot the negative- 
resistance properties of the circuit. 

If one is able to find a device that actually possesses a negative resist¬ 
ance, i.e., a device in which a positive increment of current through it is 
l accompanied by a negative-poten¬ 
tial increment across it, then this 
can be used to neutralize the posi¬ 
tive resistance representing the 
total dissipation. Such negative- 
resistance devices do exist, the 
simple tetrode operating with a 
plate potential below that of the 
screen being a common example. 

* The connections of such a device 
and the plate characteristics which show the region of negative plate resist¬ 
ance are shown in Fig. 13-17. 

A circuit that exhibits an effective negative resistance and at the same 
time avoids the objectionable features of secondary emission is illustrated 
in Fig. 13-18. A pentode is operated with a plate potential that is lower 
than the screen potential, and the suppressor grid is maintained slightly 
negative relative to the cathode. Since the plate is at a low positive 

h force on the electrons and under these 



A 

B 


Fig. 13-18. A pentode circuit that exhibits 
a negative output resistance. 
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conditions the suppressor grid repels most of the electrons that manage 
to get past the screen grid, with a resulting higher screen current. 

If the suppressor potential is increased slightly, i.e., is made less nega¬ 
tive, then theie will be less repelling action by the suppressor and more 
plate current will flow at the expense of the screen current. The elec¬ 
tions that were previously being repelled by the suppressor and returned 
to the scieen will now pass to the plate, with a consequent reduced screen 
current. Note that even if the screen potential is increased by the same 
potential as that applied to the suppressor grid the net effect is still a 
ieduction of the screen-grid current. That is, if the screen current were 
to inciease somewhat with the increase of screen potential, the decrease 
in scieen current owing to the action of the suppressor grid is so much 
greater that the net effect is a reduction of the screen current. There- 
foie, with the circuit shown, there is a decrease of current through the 

teiminals AB with an increase in potential across these terminals, w r ith 
a consequent negative resistance. 

lo analyze the circuit analytically , 8 it is assumed that the change in 
scieen current is a linear function of the changes in the suppressor-grid 
and scieen-grid potentials and also that the suppressor-grid current is 
negligible. That is, it is assumed that 


Ai r > — #32 Ae f3 — 


Ae cl 


r 0 2 


The factor #32 has the dimensions of a conductance and is such that 

< 7.32 Ac c 3 gives a measure oi the influence of a change in current i c 2 due to a 

change in potential of the suppressor grid. Note from the foregoing dis- 

cussion that #32 is inherently negative since a positive Ae c z is accompanied 

by a negati\ e Ai c2 . I he factor r Q 2 is a measure of the change in i c 2 due to 
a change in c c2 . 

If it is assumed that g i2 and r g2 remain constant over the range of oper¬ 
ation, and by noting that with a large C and R a change in potential Ae C 2 
appears on the suppressor as a change Ae c3 , then 


At 


- ( 


#32 T- 


i) 


Ae, 


The input resistance between points A and B is then 


wdiich is negative when 


Ac c o 
r = —- 

Ai c2 


r o}_ _ 

1 T- #32r ff2 


(13-52) 


Qz2r 0 2 > 1 


^ v — 

To examine the operation of the circuit of such negative resistances 
part^of an oscillator, suppose that a tank circuit is coupled 


as 


as 
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• • . . ,ivnntrnn md a ncgativc-transconiluctance, or 

Fig. 13-10. A negative-resistance, or ay natron, ana b 
transitron, oscillator. 

G P 




F„, 13-20. The equivalent and simplified circuit of the negative-resistance oscillate, 


minals ^ of the two circuits shown in Fig. 13-19 Ihw ™ J ^ 
be drawn in the manner of Fig. 13-1. Smce the ^dbath potenha 1 is 
zero, the circuit simplifies to that shown m I'.g 13-1) 1 hw may 

drawn as a simple coupled circuit, in the form dlustrated m I tg. 13-1 

To evaluate the characteristics of the circuit, 
apply Kirchhoff s law to the two-loop network. 

This yields 


/ 


r p 


R 


r„ -f 


_L\ i. - A u = o 

Cp) ' Cp ■ 


L. 


J £ 

/ O 

O 

O 




-i P i ' + { R + Lp + ^v) ii = 0 


Fig. 13-21. The basic 
equivalent circuit of a nega¬ 
tive-resistance oscillator. 


To solve for U, the current through the inductance and load, the follow¬ 
ing differential equation must be evaluated: 


d-ii ,(R<A\^2 + ( 11 + . 

df + \L + r P C) dt^\ r p CL 


i, = 0 


(13-53) 


If it is assumed that r„ which is inherently negative, remains substan¬ 
tially constant over the range of operation, this equation may be solved 
directly to give, for the oscillatory case, 


1<L 


= Ae 


-' r -+rc> ■ 


sin (cot T 6) 


(13-54) 


where A and 0 are constants. The expression for i x has exactly the same 

,ugh with different values for A and 0. The angular frequency 
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« = UR 


rJLC 


4 IzT + 77C 


or 


CO 



1 r v + R 


LC 



(13-55) 


Under the assumed oscillatory conditions, the expression for t, indi- 
cates t at the amplitude of the oscillations may decrease, remain con- 
stant, or increase, depending upon the exponential term in the expression. 
J-i the term R/L + l/r p C is positive, then the oscillations which might 
have been started in any manner will ultimately fall to zero. If the quan- 
it} iL + 1 r p C is negative, the oscillations will tend to increase 
in amplitude with time. For the critical case for which the quantity 
/ + \,r p G equals zero, the exponential factor is unity, and the 

amplitude of the oscillations remains constant. For this condition 


r P = - 


and the corresponding frequency is 


RC 


(13-56) 


lx) = 






(13-57) 


Such negative-resistance oscillators are self-regulating in much the 

same manner as the normal feed¬ 
back oscillators. Thus, owing to 
the variation of the negative-resist¬ 
ance characteristic of the tube cir¬ 
cuit that is used, if the quantity 
R/L + \/r p C were negative, thus 
allowing for continually increasing 
amplitude of oscillations, these os¬ 
cillations would increase until the 
region of operation extended to the 
point where r p = —L/RC , when the 
build-up condition would cease. 
These conditions are illustrated in 
Fig. 13-22. It should be noted 
from the diagram that even with an 



4 




Fig. 13-22. The amplitude of oscillation 
increases until the value of r„ assumes 
the critical value L/IiC. 


assumed sinusoidal output potential, and this is not a required condition, 
the output current will be nonsinusoidal. 

13-15. Relaxation Oscillators. In addition to the feedback and nega¬ 
tive-resistance oscillators that are discussed above, there is a class of 
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oscillators that is known as relaxation oscillators. This type of oscillator, 
like the feedback oscillator, is provided with a feedback loop. However, 
in the case of the feedback oscillator, the amount of feedback is usually so 
adjusted that a substantially sinusoidal output potential results. In the 
relaxation circuits, the feedback potential is very large—so large, in fact, 
that the tube is driven beyond cutoff. The tube remains cut off for a 
time determined by the time constant of the elements in the grid cir¬ 
cuit, after which the grid recovers control of the circuit. Because of this 


i* 



oscillator. 


i : 


operation, a seriously distorted output results. But as such a distorted 
wave is rich in harmonics, it may be used as a harmonic source. More 
often, however, these devices provide waveshapes that possess direct 
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applications. 

Among the important relaxation oscillators are the multivibrator, a 
device that provides a sensibly square wave in the output, and the block¬ 
ing oscillator, a device that provides relatively narrow pulses. '1 lie gen¬ 
eral character of the waveshapes at the output of these circuits is lllus- 


trated in Fig. 13-23. 

Owing to the nonsinusoidal waveforms present in the circuit and the 
fact that cutoff exists for an appreciable portion of the cycle, the mathe¬ 
matical analysis of the general feedback circuit is no longer applicable to 

a description of the operation of 


relaxation oscillators. In fact, 
owing to the cutoff that occurs, a 
substantially transient analysis 
v must be made. Details ol the 
operation of several types of cir¬ 
cuits will be given below. 

13-16. Plate-coupled Multivi¬ 
brator. The multivibrator was 
first described by Abraham and 



Fig. 13-24. A free-running platc-coupled 
multivibrator. 


Blodi 9 in 1918. Thc wnrouit is shown in_Fig. 13- 24. It will bcobserved 
that this circuit is essentially that ot^a simple two-stage resists 


3' 

/ 


ance-capaci- 

tance coupled amplifier, with the output ot the second stage coupled 
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through a capacitor to the grid of the first tube._ Observe, in fact, that the 
circuit does not differ too markedly from the RC coupled oscillatorW 
ti ated in I ig. 13-11. In this device any signal on the grid of the first stage 
will be amplified by the two-stage RC amplifier, and the output signal is in 
phase with the input signal on the grid of the first stage. Because the out-~ 
put of the second stage is of the proper polarity to reinforce the input' 
signal, positive feedback results and oscillations can take place. 

L_/Thc operation of the circuit is substantially the following: When the 
anode curient in one of the tubes, say 74, is increasing because of a posi- 
ti\e signal on the grid, a negative signal is being applied to the grid of 
the second tube 72. As a result, the current in 72 is reduced, and the 
output signal is positive. This positive signal, which is coupled back to 
7 1, causes the grid of 71 to become more positive, thus increasing the 
anode current of 71 still further. This effect is cumulative—the current 
in 71 reaches a maximum, while the potential of the grid of 72 is driven 
so far negatively, almost instantaneously, that the current in 72 is cut 1 
off. With 7 2 still cut off, the charge on capacitor C 2 leaks away through 
the resistor R o2 , and at some point the potential of the grid of 72 becomes 
such that the tube will again begin to conduct. This results in a nega¬ 
tive output signal being applied to the grid of 71. The current in 71 
decreases, and a cumulative chain, which results in -71 being cut off and 
7 2 reaching the state of maximum conduction, is initiated. Evidently i 
there are two unstable limiting conditions that occur. In one of these 
71 !s cut off and 72 is fully conducting, and in the other the roles of 71 

and 7 2 are interchanged. Because of this, the multivibrator has been 
called an unstable relaxation circuit, i 





E bt 

S1 l\ 

pyT 

T1 > 

Cl v 
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Fig. 13--5. The platc-couplcd multivibrator, with potentials and currents labeled. 

Detailed Explanation of Operation. 10 Consider the circuit from 
the instant when the cumulative action discussed above has just caused 
the grid of 72 to be driven beyond cutoff. The circuit of Fig. 13-24 is 
redrawn for convenience in Fig. 13-25 with potentials and currents 
labeled. Just before this switching occurs, tube 72 is conducting, and 
the grid potential of 71 is rising toward ground. The switching action 


t 
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occurs when the grid potential of T 1 reaches the cutoff value £o,, a nega¬ 
tive quantity. Thus just at the instant of switching, the potential across 

capacitor C, is e,(0-) and is given by 

e,(0-) = E„ - Eoi (13-58) 

where E b2 is the potential across tube T2 when it is conducting. 

When T2 is cut off, this tube is effectively removed from the action o 
the circuit and remains out of the circuit until its grid potential has 




Fig. 13-26 


. The charging path, and the equivalent circuit for charging capacitor C. 



.<• 

c 


I' 


vl 


Fig 13-27 The waveshapes of the current through and the potential across capacitor 
Ci during its charging period. 

recovered to the cutoff value E<n, when the tube will again begin to draw 
current, During the cutoff period there will be no plate current through 
the plate resistor Rn, and this plate will assume the potential of the 
B-supply source LV Hence, during the cutoff period of T >. the capaci¬ 
tor Ci begins to charge toward E bb from its initial value Ci(O-) = (T (<) + )• 
Since the charge on Ci cannot change instantaneously, the sudden change 
in plate potential will appear on the grid of 7T. Thus 7'1 is caused to 
conduct strongly. But as the grid of 7'1 becomes positive with respect 
to the cathode, grid current will flow. Thus C, begins to charge toward 
E» through the path shown in Fig. 13-20. In fact, since the resistance 
r, of the internal grid-cathode path is smaller than the resistance lt oh 

capacitor C i will charge mainly through this path. 

Since r c of the internal grid-cathode path during conduction is small 

• ' - et- i s a l S o small compared with Rn, the 
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t F or G c!. 3 ' 28 ' The diSCharge Path ’ and the equivalent circui 


circuit for the discharge of capaci- 


processlhe^otr^^r 1 * approximatel y C 1 R, 2 . During the charging 
Process the potential e, across capacitor C, will vary between E bi - E u 

and E bb . The potential and cur- 


E SJ E oi 


E bb~ E b2* E Ot 



rent variations have the forms illus¬ 
trated in Fig. 13-27 and are governed 
approximately by the equations 


ei = 


and 


E bb - (E bb 

- E b2 -f E 0l )e~ t/Rt * Cl (13-59) 


tci = 


E bb - E 


62 


R 


12 


it-— 01 e -t/Ri 2 Cx 


(13-60) 


The 

13-27 

shown 

occurs. 


Fig. 13-29. The potential and current 
waveforms at various points in a sym- 
metrical multivibrator. 


process illustrated in Fig. 
continues in the manner 
until the switching action 
At this time Tl stops con¬ 
ducting, and T2 begins to conduct. 
The discharge path of Ci and the 
equivalent electrical circuit are 
given in Fig. 13-28. At the instant 
that discharge of C\ begins, the 
potential across Ci is essentially E bb . 
Ci begins to discharge toward E b2 in 
the circuit shown. But in this cir¬ 
cuit R n is shunted by r b2 , the beam 
resistance of the tube. Ordinarily 
r b2 is small compared with R gU and 


A 

i 


I 


xi _ . ii. . 10 oAiidii tumutticu itii ana 

n ro mg equations for the current and potential are approximately 


~ Ep 2 + ( E bb — E b2 )e~ l/R ' iC i 


(13-61) 
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Clearly, the current builds up toward zero until it reaches the value 
EoJRou at which time the potential on the grid of T 1 is E n and the 
cumulative action once again occurs. The cycle of operation is thus 

completed, and the circuit is ready to repeat its cycle. 

The waveforms of the potentials and currents at various points ot the 
circuit are given in Fig. 13-29. The corresponding results for the second 
tube are of the same form, but will be shifted Ti sec along the time axis. 
13-18. Frequency of Oscillation. The period of oscillation of the 

multivibrator is readily found. It follows from Eq. (13-62), since T\ is 
off for the time required for e cl to increase from - (£w, - E bi ) to E oi along 

the exponential curve, that 


TP _ (17 _ /?. n \p~Ti/RglCi 

Loi = —\Ubb iJb2)V 


rv ( 




from which 


E hb Eb2 


Ti = ffuCilog.-^ 


(13-63) 


01 


Similarly, for T2, the results are 


„ „ . Ebb ~ E b i 

T2 — RglC 2 lOge /; 

02 


(13-64) 


The period of the complete oscillation, neglecting the switching time, is 


Ebb — Ebi 


Ebb - E 


T = T i + Ti = log, ” -E 

# 

If the two tubes have identical characteristics, then 


b 1 


(13-65) 


02 


Ebi = Ebi = E b 
% Eq\ = E 02 = E 0 

and Eq. (13-65) becomes 


Ebb — Eb 


T = (R 0 iCi + R^Ci) log, 


(13-66) 


0 


If, also, 


Rni = Ro 2 — R<j Ci — C2 — C 


Eq. (13-66) reduces to 


T = 2 R g C log. 


Ebb — Ei 


-E 


(13-67) 


0 


The expressions given by Eqs. (13-65) to (13-67) apply to multivibra¬ 
tors having a low repetition frequency, since they do not take stray 
capacitances into account. At the higher repetition frequencies, the fol¬ 
lowing more precise equation should be employed instead of Eq. (13-65) i 11 


= (Ci + Ck 0 i)Roi log* ^ _ E 


bi 


01 


T {Ci + Ck 0 i)R(ji log 


1 T Ckgl/ 

(Ebb Ebi 

e \ -Eoi C 


+ c, 


(13-68) 
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This expression is also subject to limitations and should not be used for 
extremely high repetition frequencies, except perhaps as an approximation. 

The choice of the plate resistance R, is important, since the quantity 
Ebb Eb — I b R,. A value of Ri exists which yields optimum frequency 
stability. To deduce this value, consider the fractional change in the 
period of the system. From Eq. (13-67) 


riT — ™°C d(E bb — E b ) 

(E bb -~Eb) 

from which it follows that 


cLT 


d{E bb - E b ) 


T (E bb - E b ) log. Ebb ~ Ei 


(13-69) 


e 


-E 


This expression may be minimized by optimizing the denominator. 
When this is done, there results 


E bb - E b = 2.71(-£ 0 ) 


Ihus foi optimum frequency stability, the value of Ri is so chosen that 
during conduction 


R t = E * ~ E * = 2.71 (~Eq) 

h I h ’ 


(13-70) 


T = C x R gl + C*R 


0 2 


(13-71) 


This result is in error, of course, and frequently an empirical constant is 
used to ghe the frequency of operation. The frequency is given by 


/ = 


1 


(13-72) 


+ C 2 R o2 ) 

where N, the correction factor given in Eq. (13-72), is about 2 for fre¬ 
quency operation below 500 cps and rises to about 4 at 10,000 cps. 

13-19. Biased Multivibrators.^ If the time duration of the output 
wave of a multivibrator is important, switching of the nonconducting 
tube, which determines the trailing edge, is critical. Switching occurs 
when the exponential grid potential discharge curve intersects the tube 
cutoff curve. If this intersection is sharp, the time at vdiich the trail¬ 
ing edge occurs is correspondingly well defined. If the intersection is 
gradual, the point of intersection will depen * ‘ 1 ” —* 


>SSl 


t 


An approximate value for the period of oscillation of the multivibrator 
is frequently found in the literature. If one assumes that the period is 
that determined only by the time constants of the discharge circuits of 
Ci and C 2 without regard for the potential levels between vdiich the dis- ^ 
charges occur, the period of the oscillation is approximately 


I 


t 
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on the variations of tube constants and potentials. To ensure a sharp 
intersection it is usual to employ a positive bias on the tubes. Such a 
circuit is illustrated in Fig. 13-30. The expression for the period of 



a modified circuit becomes 

E b h — Eb 2 + E c 


T = C\R,i log, -^Te^T^T + CiR " 2 ' 0ge + E ‘ 


(13-73) 


For normal operations it is found that the frequency of oscillation may 
be varied over wide limits in an almost linear manner by controlling L, 

The linearity between frequency of 
oscillation and control potential E c 
can be improved by including resis¬ 
tors Rk in each cathode, 12 the 
value of these being determined 
experimentally. 

The effect of the application of 
the positive bias is best illustrated 

1 graphically, and Fig. 13-31 shows , , 

the waveform e cl on the grid of Tl. The equivalent circuits for the charg¬ 
ing of Ci and the discharging of C u corresponding to those shown m l igs. 
13-26 and 13-28, now become those shown in Hg. 13-32. 



Fig. 13-31. Waveform of e e i for the circuit 
of Fig. 13-30. 




Fig. 13-32. Equivalent circuits for the charge and discharge of C, in I-ig. 13-30. 

If it is desired to operate the biased multivibrator at a fixed frequency, 
E c should be made as high as possible, e.g., equal to E*, for optimum iie- 
quency stability. If the values of E b and E a are negligible in comparison 

with Ebb , the period then approximates to 

2 (13-74) 
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u l vunr • xo 

Fig h 13 P 3°3 Sit i^ biaS ^ u a SinglC tube 0nl >' as in circuit of 

g ' the expression for the period becomes 


T ~ CiR ,. log e ^~^- 2 + CtR'i log, 2 f^ b ~ Ebl 

Ubb — /ins 


(13-75) 


rpi ■ , ^bb ~ U 02 

grid recovery of T^hTT d H d* Changad because the time required for the 
mg unchaZd TV d ? Creased ’ the recovery time for Tl remain- 

two tubes f f ““"f thG ' Vavefonns for ‘he recovery of the 

unbalanced dv ^ duration . and an unsymmetrical or 

unDaianced condition ppqh fo .. J 



- mumviunuor with one t 

returned to the plate-supply potential. 


Fig. 13-34. Waveform of e f2 for the circuit 
of Fig. 13-33. 


5d cirtS^ " ,h I"' P,CViOUSly *«*. by changing the 

ever, one should not attempt Z T the ° ther * H ° W ' 

i( r “jtr ‘ t v, c br r- ,ince ' r™** ■» ,b - ‘ b »™*- 

the trailing edge of the long T‘" """ ™ ad ’ l °° dlfr ° renl ,rom C '®>" 

* — - 



■** 


Lt 


, j’ a 0 e " c °upled Multivibrator. The circuit of a cathode- 
coupled multivibrator is given in Fig. 13-35. The operation of this eir- 

cui is somew at different from the plate-coupled circuit of Fig. 13-24. 

o understand the action of this circuit, suppose that it is initially with- 

Tl ^ y 2 ° tenU ' a1 ' There ' vi| l be no charge on C, and the grids of both 
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Sec. 13-20] 


suddenly applied, both tubes will start to conduct and the plates of 
T\ and T2 will begin to fall in potential. But since the potential across C 
cannot change instantaneously, the drop in potential that takes place at 
the plate of T 1 is coupled to the grid of T'2. tending to cause T2 to cut off. 
This tendency is also accentuated by the tube currents which flow through 
the cathode resistor R k , which raises the cathode potential ot both tubes. 
But, with the current i&o tending to decrease, 4i will increase, resulting in 
a larger negative potential to the grid ol 7 '2 and also a larger positive 
potential to the cathode of T2 } and T2 
will rapidly reach cutoff. 

T2 is held beyond cutoff during the 
time required for C to discharge along 
an exponential curve and reach the 
cutoff potential of the tube. I he 
equivalent circuit of the discharge is 
given in Fig. 13-36. \\ hen this cutoff 

potential is reached, T2 will begin to 



Fig. 13-36. The equivalent circuit for 
the discharge of C of Fig. 13-35. 


conduct. This current through R k will raise the cathode potential of 7T, 
and the current i b \ will begin to decrease. As a result, the plate potential 
of T1 will increase, resulting in a positive signal to the grid of T2, and the 
cumulative cycle will continue until 1 1 is cut off and 12 is conducting its 
maximum current. 

The grid of T2 is driven highly positive, resulting in a large plate 
current, which causes the potential across R k to rise quickly. How¬ 
ever, because grid current is drawn, the capacitor C charges relatively 



1+ 


If 


c 


R 




—K 


T 


bb 



+ 


>e 


(a) 


(b) 


Fig. 13-37. The equivalent charging circuits of C (a) during the time that grid current 
is drawn, ( b ) for the remainder of the time interval. 


quickly for a time, until the potential e 2 and e k are the same, and there¬ 
after charging continues at a slower rate. The equivalent charging cir¬ 
cuits are shown in Fig. 13-37. As C charges, the bias on T2 decreases, 
causing i b2 to decrease. This in turn causes e k to decrease. The grid of 
T 1 is held constant at ground potential so that this tube remains cut off 
as long as e k is positive relative to ground by more than cutoff potential. 
When e k drops to E Qh Tl begins to conduct and the cycle reverses. 

f govoral nnintc in t.hp circuit fsee Fig. 13-381 illustrate 
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the operation. A comparison of the waveform for e T i in Fig. 13-38 with 
e&i in Pig. 13-29 for the plate-coupled multivibrator shows the latter to be 
moie nearly a square wave. As a result, the plate-coupled multivibrator 

is preferred, the cathode-coupled cir¬ 
cuit seldom being used. Becauseof 



the lack of interest in the cathode- 
coupled circuit, and the fact that 
the analysis proves to be rather 
complex,* the mathematical analy¬ 
sis will not be given. 

13-21. Pentodes in Multivibrator 
Circuits. One may use pentodes 
in a multivibrator circuit, as illus¬ 
trated in Fig. 13-39. It will be ob¬ 
served that the circuit is essentially 
a conventional plate-coupled multi¬ 
vibrator, the cathode, control grid, 
and screen grid serving as the triode 
for the switching action. Since the 
load resistors are connected to the 
anodes, which are shielded from the 
switching circuit by the suppressor 


oll cc , .i ... Snd, load changes will not mate 

ent"of the load^ * a * 0r ^ C * rcu ^ an< ^ ^e frequency is reasonably indepen 



rise of potential in 1 jusec, using low-current receiving types of tubes. If 


* A complete, though unpublished, analysis was worked out by \V. R. LePage 
the_Department of Electrical Engineering. Syracuse Univc 
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Fit;. 13-40. A simple 
blocking oscillator. 


Sec. 13-23] wo v> i ^ r*. * v, 

more rapid action is required, heavier-current tubes must be used. For 
example, the full rise may be obtained in 0.2 jxsec, using a 0AG7 tube. 

13-23. The Blocking Oscillator. 13 Suppose that the second stage ol a 
free-running multivibrator is replaced by a transformer which is so con¬ 
nected that regenerative feedback results. Such a circuit has the piop- 
erties that the tube can be made to conduct hard lor a short period ol 
time and then turn off for a relatively long interval before it again goes 
through its cycle. The circuit of such an oscillator is given in Mg. 13-40. 

The operation of the circuit is substantially the 
following: Suppose that the grid is only slightly 
negative. The tube will conduct, and the poten¬ 
tial of the anode will begin to fall. This changing 
potential, which appears across the transformer 
in the plate circuit, will be accompanied by a 
changing potential in the grid winding of the 
transformer. The phase of the transformer con¬ 
nection is such that the potential of the grid be¬ 
comes positive, thus increasing the plate current. 

This is a regenerative action, which continues 
until the grid draws current, thus charging the capacitor ( through / c to 

a potential [ T i 0 dt, where r is the duration of the charging time, the 

0 J 0 

current through R 0 being assumed negligible. The charging ceases when 
the plate potential falls so low that the plate circuit can no longer drive the 
low impedance reflected from the grid circuit, 
t At this time there is no longer any potential induced in the grid winding 
of the transformer, and the potential on C begins to discharge. The dis¬ 
charge of C causes the grid-cathode potential to decrease. This results in 
a decreasing plate current and hence a rising plate potential. The 
resulting potential in the grid winding causes the grid to go more nega¬ 
tive, thus initiating the cumulative action that causes the tube to cut 
oil. Now, however, with the tube cut olf, the charge on the capacitor 
can leak off only through the grid resistor R „, resulting in an exponential 
rise toward ground with a time constant approximately equal to R V C. 
* This rise continues until the grid potential reaches the cutoff potential 
of the tube, when the cycle will repeat itself. 

The waveforms at various points in the circuit are shown in Fig. 13-41. 
This diagram shows oscillations of the waveforms after cutoff, which are 
superposed, in the case of e c , on the exponential rise toward the nor¬ 
mal zero bias. If such oscillations exist, and they would arise from the 
effective shunt capacitance which appears across the grid winding of the 
pulse transformer interacting with the winding inductance, they may be 
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resistance will ordinarily be determined experimentally to provide ade¬ 
quate damping without excessive loading. 

The total repetition period of such a blocking oscillator is seen to be 

T = T + R g C log, ~ (13-76) 

“ JLL'O > 

where r is the duration of the pulse and E is the potential to which the 
capacitor is charged during the pulse. However, because of the difficulty 



Fig. 


13-41. 



The waveforms in a single-swing blocking oscillator. 


of calculating the potential E to which C is charged, this potential depend- ' 

ing on the relation between C and the effective magnetizing inductance of * 

the pulse transformer, this expression does not provide much useful 
information. 

An approximate calculation is possible which gives a rough idea of the 
pulse duration. In this calculation, it will be assumed that the grid 
loading due to grid conduction acts continuously over the full half cycle. 
That is, a linear circuit is assumed. Also, the pulse duration will be 
taken as one-half cycle long. Under these assumptions, the circuit of 
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Sec. 13-23] 

ie . 13 _ 4 2. By straightforward circuit analysis, the resonant frequency is 


Fig 


/ = 


a 


2t r VLC 11 aV 2 C 2 


whence, for the half cycle, 


7 r y/LC - a 2 r 2 C 2 


(13-771 


r — 


a 


Thi. show, ttat the length ot the conducting period r depends upon the 
Capacitance C and upon the characteristic, of the transformer. 

t </«* | 

1 Ht 


C/a, 2 


ae 




*>a 2 r c 


f 





>e 



F,c. 13-42. A rough equivalent of the blocking oscillator during grid conduction, and 
its approximation with R 0 » r <- 

The transformer in the circuit may he connected in a number of ways. 
Th™ in addhion to the connection of lug. 13-40, the transformer wind¬ 
ing" mm be in the grid and cathode line, and also m the plate and cathode 

'" preci'ily'the same considerations concerning the possibility of jitter of 
the trailing edge of the output pulse applies for the blocking oscillator a 

for the multivibrator, and the biased block¬ 
ing oscillator achieves the same results in 
the same way as the biased multivibrator. 

Consequently, if the jitter is to be kept to a 
minimum, a biased blocking oscillator should 
be used. The diagram of such a circuit is 
given in Fig. 13-43. The recurrence period 
of this device will be given by the expression 


£V. ■ 



E c + E 

T = T + RC log, 


a (13-78) 

0 


Fig. 13-43. A biased blocking 
oscillator. 


It is of interest to note from Eq. (13-77) for r that, for a given trans¬ 
former, C is the most important circuit element in determining r larg 
values of C being accompanied by longer pulses. For examp e, 
transformer, when used in the circuit of Fig. 13-43, yielded pulses whmh 
could be varied from approximately 0.2 to 20 nsec by changing the size 


iQpitnnPP. C! 
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Some measure of control of the amplitude is possible by controlling the 
plate supply potential. In the case when a pentode is used instead of a 
triode, with the cathode, control grid, and screen grid serving as the 
essentia trio e elements for the blocking action, the output being essen- 
la y e ectron-coupled to the plate, amplitude control is possible also by 
adjusting the negative potential to the suppressor grid. 

13 24. Van der Pol Relaxation Oscillator. One of the earliest forms of 
single-tube relaxation oscillators was described by van der Pol in 1926. 14 



Fig. 13-44. The van der Pol 
oscillator. 



Fig. 13-45. A pentode van der 
Pol relaxation oscillator. 


The circuit of such an oscillator is given in Fig. 13-44. It consists of 

a tetrode in which the control grid and the screen grid are capacitively 

coupled, the control grid being maintained positive by means of a high 

resistance coupling to E». However, since these oscillators ordinarily 

incorporate a pentode rather than a tetrode, the pentode-type oscillator 
will be discussed here. 

The circuit of the pentode-type relaxation oscillator is given in Fig. 
13-45. This circuit depends for its operation on the fact that a change of 

potential on the suppressor grid is accom- 
I f panied by an amplified change of poten- 

> > tial without phase reversal on the screen 

grid. To see that this is so, consider for 

+r T h ::J_'the moment that capacitor C is removed, 

° c 3 % i «> and suppose that the tube is in a quiescent 

. L_ ? I 2 state. The situation is then as illus- 

♦ ^ trated in Fig. 13-4G. Suppose that a 

Fm. 13-46. Illustration of the negative signal is applied to the sup- 

pentode 0 type °of'vto der Pol pressor S rid of such amplitude that the 
relaxation oscillator. anode current is interrupted. As a re¬ 

sult, the total space current will be col- 
ecte by the screen grid, with a consequent decrease in screen potential, 
owing to the screen resistor. In fact, if it is considered that the control- 
gri potential establishes the total space current, the effect of a signal on 
t e suppressor grid is to control, in a nonlinear manner, the division of the 
space current between the anode and the screen grid, although a mor 


Pol 
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tive suppressor grid rcsuUsin a decreased 

are, 

circuit is greater than unity and if f^teck » arrang ^ 

put circuit (the screen) and the input circuit (t PP It will 

becomes an oscillator and is almost equn a en similar to 

be shown in Chap. 14 that transistor multivibrators art 

the van der Pol relaxation oscillator. that , at the instant 

Refer now to the circuit of 1'ig. 13-45, and pp result 

,h., the suppressor is positive, the .node is d,-,w,»g “ ''"L,,. „ „ “g W 
the .node potential » Ming, the screen potent,.I » 5 



relaxation oscillator. 

the reduced screen current. The rising screen potential, which is coupled 
^ the sunoressor through the capacitor C, is accompanied by a rising 
suppressor grid potential, since the capacitor potential cannot change 
instantaneously. This is a cumulative action that continues until t 
maximum Current is drawn by the anode. When this condition is 
reached a charging current immediately starts flowing into the capaci 
tor through the combination of in parallel with the screen-cathode 
path resistance and the combination of R, in parallel with the suppres¬ 
sor-cathode path resistance, assuming that a suppressor-grid current 
flows As the potential across the capacitor rises, the suppressor poten¬ 
tial falls This results in a falling screen potential, and at a critical value 
the anode current begins to fall, with a resulting increase ,n screen cur¬ 
rent This causes a cumulative effect which continues rapidly until the 
, ano de current is cut off and maximum current flows m the screen circuit. 
The capacitor charging current now flows through Ii 3 and the combina¬ 
tion of Rt in parallel with the screen-cathode path resistance, and th 
potential of the suppressor begins to rise. This brings the action to e 
point at which the considerations began, and the cycle repeats 

A typical waveform of the suppressor potential is given m l'ig. - • 

The wave is unsymmetrical because during one portion oi t e eye e e 

where r, is the average 
r> / 


time constant T is given by C l Rz + 


R 2 + 
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screen-cathode resistance; and during the second portion of the cycle the 

time constant T' is given by C t - R * r * . _l j-gj \ 

\Rz + r' + R t + r'J 


where K and r\ are 


the average screen-cathode and the average suppressor-cathode resist¬ 
ances during this part of the cycle. Evidently, the larger that C and R, 
are made, the lower is the frequency of oscillation. 

13-26. Synchronized Relaxation Oscillators. Synchronization in mul¬ 
tivibrators may be of two general classes according to the character of 
the operation. The lightly synchronized multivibrator is free -running, 
an its frequency is corrected” by the application of a synchronizing 
potential. The heavily synchronized multivibrator operates with one or 



both tubes so heavily biased that the circuit is inactive until a compara¬ 
tively strong synchronizing or triggering potential is applied. Further- 
more, t e presence of the heavy bias causes the circuit to come to rest 
a ter it as passed through one complete cycle. Such circuits are fre¬ 
quent y re eire to as gate, one-shot, monostable relaxation, or univibrator j 
circuits. n y the lightly synchronized multivibrators will be discussed 
e * e ’ , e * n & devoted to a study of gate circuits, among others. 

JP 6 ? u ^ s ^ nc k ron ized multivibrator, the inherent poor frequency 
stability ot the system is overcome by “driving” the multivibrator with 

a s y nc romzing potential. This forces the period of the multivibrator to 
e exact y t e same period as the synchronizing frequency or a multiple 
or su mu tip e of it. The synchronizing waveform may be of almost any 
s ape, a t ough a pulse or a sine-wave potential is generally used. 

ctua y the discussion to follow applies for any of the free-running 
relaxation oscillators and is not confined to multivibrator circuits. 

13-26. Synchronization by Positive Pulses. Figure 13-48 illustrates 
the effect of applying positive pulses to one grid of a free-running multi¬ 
vibrator. This diagram shows the conditions before synchronization 
occurs and the transition stages until synchronization becomes complete. 

°te that the pulse A has no effect because it does not raise the grid 
recovery potential above the cutoff potential of the tube and that pulses 
^and C have no effect because they are applied to the grid of the con- ^ 
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ducting tube and grid clipping occurs. Pulse D is of sufficient amplitude 
to raise the grid above the cutoff potential, and as a result the tubes are 
switched as the current begins to flow in the tube that was formerly cut off. 

Suppose that the frequency of the triggering pulses is considei a i j 
higher than the natural frequency of the multivibrator. The situation 
is then as illustrated in Fig. 13-49. Thus, if trigger A causes the multi¬ 
vibrator to switch, triggers B and C occur at times when the tube is con¬ 
ducting. Since the grid is already positive, these pulses have no effect 
on the conduction. Triggers D, E, F are applied to the nonconducting 



tube, but they are not large enough to cause conduction. 1 rigger G does 
carry the grid potential above the cutoff point of the tube, and conduction 
occurs. In this example, every sixth pulse switches the multivibrator, 
and hence the repetition frequency of the multivibrator is one-sixth of 

the frequency of the triggering pulses. 

In multivibrators, if accurate frequency division is desired, the division 

per stage should be relatively low, say 10 or less. If accurate division is 

not required, a single stage may be used for a division of 100 or more. 

Also for best results, the peak of one pulse should rise above the base of 

the next pulse on the grid recovery curve by about 20 per cent of its 

height. 

13-27. Sine-wave Synchronization. The condition when a sine wave 
is used for synchronization is not unlike that for synchronization by 
pulses, although the addition of a sine-wave synchronizing potential to 
the grid recovery does change the grid-potential waveform, somewhat as 

shown in Fig. 13-50. 

The operation of the circuit is substantially the following: When T 1 is 
conducting during the time from A to B , grid limiting occurs and the 
potential e cl remains substantially constant. When the synchronizing 
potential falls below zero and starts to decrease the potential on the 
grid, the multivibrator regenerative action causes T\ to cut off. As this 
occurs at the same point B, C, D, . . . in each cycle of the synchroniz- 
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mg potential, the multivibrator is forced to operate at the synchroniz¬ 
ing frequency. Evidently, however, this action exists only when the 

synchronizing frequency is higher than the natural frequency of the 
multivibrator. 

Synchronization by means of a sine-wave potential injected in the 
ca o e circuit of one tube is possible. It is essential that the inter¬ 



nal impedance of the synchronizing potential source be low in order 
that the tube current through this impedance does not seriously alter the 
shape of t e wave. The operation of such a synchronized circuit is illus¬ 
trated graphically m Fig. 13-51. If one supposes that the grid-ground 
potentia is not a ected by the presence of the sine-wave synchronizing 
potentia ut t at the grid-cathode potential contains this sinusoidal 
component o potential, then one may consider that the effective cutoff 



potential of the tube varies sinusoidally about the normal value in phase 
with the synchronizing potential. 

At the instant when the synchronizing potential is suddenly applied at 
point A , it is supposed that T 1 is conducting. The synchronizing poten¬ 
tial causes the cathode to rise, so that conduction of Tl is decreased. 
This leads to the regenerative action, and the tube is quickly cut off. 
This switching action will cause the tube to stop conducting at a time 
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The potential e cl will follow its normal exponential curve until it inter¬ 
sects the cutoff curve, which has the assumed sinusoidal form, and switch¬ 
ing takes place at the point B. If it is assumed that during conduction 
the grid-cathode potential remains constant at some small positive \alue 
which is given, in fact, by i„r e , the presence of added negative potential 
on the cathode will cause the grid potential to follow the cathode poten¬ 
tial and the potential follows the curve CD. When the cathode poten¬ 
tial begins to rise, conduction in Tl is decreased and the regenerative 

action again takes place. . 

13-28. Synchronization of Blocking Oscillators. Blocking oscillators 

may be synchronized with either sine waves or pulses applied to the grid, 



in much the same manner as for synchronizing multivibrators. For 
example, Fig. 13-52 illustrates the grid-potential waveform of a six-count 
divider. As for the multivibrator synchronization, the trigger heights 
should be such that the peak of one pulse rises above the base of the 
next pulse by about 20 per cent of its height. A smaller trigger might 
allow the divider to fire unsynchronously between triggers. An exces¬ 
sively large trigger may introduce instability due to variations in trigger 
heights. Also, for accurate frequency division with a blocking oscillator, 
as for the multivibrator, the division per stage should be relatively low, 

10 or less. 
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PROBLEMS 


thpTrpr! * rcu ^ s ^ the Hartley and the Colpitts oscillators are shown. Show 
at the ireauenev nf n«n ..f _ 1 . .. 



which specify the amplitude conditions 
Hartley: 


are: 




C(Rx + R*){L X + U + 2 M) 
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Colpitis: 


O) 


_ li/i + i + J- 

~ \L V C, + C, r p C 


M R(C\ + C 2 ) 

■ m^cT/cj 


13-2 Two identical triodes are connected in a Franklin oscillator. Determine 

value .! .he resr.ta.e, K„ a. which option. 

will just begin. 

b. The frequency of oscillation. 



IStHUl tri.de, are connected in the oscillator circuit shore.. 
Determine: 

t JBSS^CTS Z assuming that the tube, are being operated under 
identical conditions, for oscillations to be mamtaine . 


1 

SR u 





R=200 n. 

L-O.lh 

C=.01juf 

Rll = R i2 = -30kn 

R gl =R g 2 = 1Mn 

6SN7 


13-4. Obtain an expression for the operating frequency of the cathode-coupled 
oscillator shown in the diagram.* 
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13-6. Refer to the tuned plate oscillator of Sec 13-fi NpctW* o-riH j 

st ' •*&’?> * i .r ™'™“<"• 

the final results tn shn^ fh A ag ^, app ^ ed ^ plate circuit. Express 

13 fin A 1 H He dependenCG ° n the Q of the ^sonant circuit. 

oscm'ator of Sec. “ 1 ^” S ' of the P hase ' shift 

loading. Evaluate S/ at the resonant value of a twin-T oscillator. Neglect grid 
oscm'a 8 tor C ° nSider ^ C ° UP ' ing net "'° rk illustrated "'hlch is for use in a phase-shift 



a. Derive an expression for the transfer function g of this network, 
work I! ” qUenCy at " hi ° h the total P^se shift through the net- 

c. Evaluate the expression of (3 at u 0 

d. Determine the input or driving point impedance at <o = w „. 

13-9. Consider the phase-shift oscillator 0 . 

y usciuator given in the accompanying diagram. 



b Fiml'thp I', 6 / reqi ! enCy 0f oscil,a tion of this circuit. 

>pndpnt nf th/f 10nship , am0n ^ parameters for which the amplitude is inde¬ 
pendent of the frequency of oscillation. 

^* en bridge oscillator is shown in the diagram. 
Determine the critical value of R , at which oscillations will just start. 


I 
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the thermal capacity is sufficiently large so that the temperature remains sub- 
"'m'Sposethrt t°hT g am of tl'e amphfieVhas the form K = A'nd + H) ^ 

cMK= 5ft crystal), K. - *00, 

6 I 0 cIlcutte la th e e S ftenuency shift A///„ due to . 0.1-rad variation in the phase 
: ‘ M 13 e 12 ^PiezoeSic crvstals, which may be represented by an equivalent elec- 



RFC 


RFC 





Series -resonant osctl 7 ators 


Equivalent circuit 
of crystal 


series combination L, C, and R represents the electrical equ.' ^ ( ,‘ nant 

tional characteristics of the material, may be used inso-calledseicsicMnart 

crystal-controlled oscillators-t Discuss the operating features of the o. 
illustrated. 


* L. A. Meacham, Proc. IRE, 26, 1<8 (1938). 

93 15V7 (1 946'). 
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th'cu‘L“ThTol' th ', P T' i'lustrated. Otam th.t 

ating as a parallel-resonant circuit^ m 6 the CrystaI m this case oper ‘ 



given to" the figure* ^hTd-e'potcntia^iTig 4 .^!^ , C ° nnected as a tetrode '? 
resonant circuit tuned to 1 M c is used, with C = 250^uf° ^ V ° ltS ' A Para ' le 



l Souhe McmaZ 1 'r Un ?-rl UC ° f R f ° r U hich ^'““tions will be sustained. 

13-16! Swura re the"n, VCS . l, t“ I ’ e f °J T simum ° S( '‘ lla tion amplitude. 

crvstal-contro’led nsc*jll f 0 ™* 10 n * le ne gative-differcntial-transconductance 
crystal com.ro.iea oscillators* i lustritpH TV 

oscillator, the crystal is the onh- ,^ ote that hcre > as for the 1 ierce 

• resonant element in the circuit. 



^bbl E bbl 


bb2 



bbl 


E 


bb2 
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13-17 Consider the two-tube oscillator circuit shown. Show that for R, > r P 
and ff 4- R > R, the apparent resistance between terminals AB may be nega¬ 
tive wUlte noted that the circuit shown, with the tank circuit absent, ,s the 



l 


si mole date-coupled multivibrator. In the case of the multivibrator the opera¬ 
tion occurs over such extreme ranges that the analysis is a transient one, and not 

W multivibrator 1, »lu.t,...d in th, 
CZ Z , Vm tJ of this circuit, including sketch., of the pl.t., 

grid, and cathode waveforms. 



13-19 A. modified! direct-coupled multivibrator is illustrated. Describe its 
operation, including sketches of the plate and cathode waveforms. 



* S. Chang and Yao-I Chu, Electronic Eng., 24, 270 (1952). 
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13-20. Consider the biased multivibrator of Fig. 13-30, with C, - C, - C, 

on the value of V™ TTn, i7i/* Z2 7 Show t ] lat the frequency stability depends 

Assume — F <r F ^ ^ 'it UG whlch yields the optimum frequency stability. 

Show tw ft! < /-’ a pl °* the var,atl0n of T as a function of (E a - E„)/E c . 
Sltow that the choice E c = yields nearly optimum results. 

is 777 the , t f °l l0 " inB P r °hl e ms, if necessary, assume that r c for each tube 
o the „|T' u lt ls necessary to determine the value of r t when = 0, refer 
‘° 1 , P a characteristics of the tube. The cutoff grid potential of each tube 
ma> also be obtained from the plate characteristics. 

using” GJ5 t > ubes n for e w t ldch freqUenCy ^ ° Scillation of a Piate-coupled multivibrator 


Roi — R 0 2 = 500 kilohms 


C\ ~ C 2 = 0.01 /if 
Ebb = 300 volts 


Rn = Rn = 20 kilohms 


Plot the* frpnnpn* 13 .’ 21 w ^en the grids are returned to a positive supply. 

Plot the frequency as E cc is varied from 0 to E* 

13-23. Given the biased multivibrator shown in the diagram. 



b 7177 H he disC L har f tm ? c constants of the capacitors, 
of the conduct' P f U ( ' a k Ue oP eac h £ r * d Potential. Assume the grid potential 
rZ l f ? « 6 2er ° in th6Se “'^lations. E» = 300 volts. 

j S a “ te , t le cutoff P eri0(Js of each section of the tube. 

M-M IW the repetition frequency of the multivibrator, 
i p’ t u 77, 1 ,l . rce_r unning balanced multivibrator to operate at 1,000 cps. 
200 7ts V ‘ ng: Rt = 10 kilohms ; B. = 500 kilohms; 6J5 tubes; E» = 

wdh one i?. e ff Kn a free-running unbalanced multivibrator to operate at 5,000 cps, 

R 10 ki O CVC e T t: ! re u e timcs as lo "g as other. Use B. = 500 kilohms. 

13-9K A n T S ' >JS t " beS ' and E » = 2 50 volts. 

pu se rans ormer having the following parameters: 


J 


Primary inductance 
Primary resistance 
Secondary resistance 
Turns ratio 


5.5 mh 
17.2 ohms 
38.7 ohms 
1:1.2 


is used in the circuit shown on page 451. Estimate: 
a. 1 he time duration of the pulse. 

5. 1 he recurrence period of the blocking-oscillator circuit. 
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13-27. Sketch blocking-oscillator circuits with the transformer windings in: 
a. Grid and cathode circuits. 

Secure hfindicate the transformer-winding directions with appropriately 

Pl T3 e -28 d0 Discuss the operation of the tetrode relaxation oscillator shown in the 
figure.* 



13-29. A balanced multivibrator is operated at 1.000 ops. The constants are 
those of Prob. 13-21 except for the values of C, and C 2 . It is to be s>nchiomzec 
by injecting a positive pulse on the grid. What must be the amplitude of the 

synchronizing pulse if the frequency is 1,100 < P s • . - 

13-30. Repeat Prob. 13-29 if the pulse recurrence frequent? is •> G00 cps. 

13-31. Sketch a curve of the grid potential of one tube of a balanced multi¬ 
vibrator that is being synchronized by a sine-wave potential injected in the grid 
circuit. The synchronizing potential is in the frequency ratio of o: 1 with the 

multivibrator frequency. . . ...... _ 

13-32 Discuss the possibility of synchronizing a multivibrator with a positive 

pulse, the recurrence frequency of which is a submultiple of the free-running 
frequency of the multivibrator. 

* D. H. Black, Elec. Commun 18, 50 (1939). 
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One wT, imp ° rtant Classes of hcav >ly biased relaxation circuits. 

circuits- the nth" 11 aS ^ ^ 0t< monosia ^ e relaxation, or univibrator 

flip-flop circuits'^ Thp^ t ^ IS . kno "' n as tri 9Qcr, bistable relaxation, or 
ZvZ ZZ ^ gate C,rCUlt 0pel ' ates with one or both tubes so 
tri rinn- e . circuit ls inactive until a comparatively strong 

auS th 6 e rT r °T ng P ° tCntiaI iS applled ' Thls ^ong signal 
uns fble L T ^ its StabIe Smiting condition to an 

mintd hv th g r ; aft6r " definit0 time interval that is deter- 
where ,4 U ' Parameters, the circuit returns to the stable state, 

cire,nt ^ i$ again ^red. The trigger, or flip-flop, 

ZZuZ T 6 Sate C ' rCUit exCept that fo1 ' Axed values of applied 

and nnt f C , rCare t ?'° Stab * e conditions of equilibrium. The currents 

set of st, hi ^ SU CI1CUitS Can be made t0 clian ge abruptly from one 

indeneli VT ? 3 ° & SeC ° nd S<?t ° f Stablc vallles ' or back again, although 
'dependent disturbances are required for each switching action. 

essentially a rr, 0 ^- 6 - 1 , Gate ' Refer t o the diagram of Fig. 14-1, which is 

y multivibrator of the conventional plate-coupled type, but 

with one tube biased to or beyond 
cutoff by the application of a fixed 
positive potential to the cathode 
of tube T2. In this circuit T1 is 
normally conducting, and T2 is 
normally cut off, thus requiring 
that the synchronizing or trigger¬ 
ing pulse must be negative. Like- J 
wise, the duration of this negative 
tha fU .11 . trigger pulse should be less than 

thp o'mi 'f >h UnS a - e port * on °t the cycle. If it is required to operate 

T2 fllth T aP0SltlVC trigger pu,se - il should be a PP lied t0 the grid of 
is applied^) rT ^ ° aSe ^ PUlSG amplitude must be lar S er than when it 

a , Cir , CUit foll °' VS the , same S eneral reasoning as 
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such an analysis leads to the following expression for the time duration 
of the output pulse: 

„ „ . hbb — Ef,-2 (14-1) 

T = C\R 0 \ log, ~r ?— K 1 

*>01 


where the symbols have the same meaning as in ('hap. 13. 

\ n alternative circuit, but one which is normally triggers, hi r a pos 
live pulse, is given in Fig. 14-2. The time duration ot the output square 

wave, in this case, is found to be 

Ebb ~ kb\ 

- E{)2 ' 


T = Co/i«> 


(14-2) 


Now a word about triggering and trigger pulses. The circuit of Hg_ 
14-1 may be triggered by the application of a positive pulse to the grid 


tube T2, and the circuit of Fig. 
14-2 may be triggered by the ap¬ 
plication of a negative pulse to the 
grid of tube T2. In both cases, 
however, the amplitude ot the 
pulses may be ditferent trom those 
when triggering is done in the 
manner shown in the rcspccti\c 
figures with pulses applied to the 

grids of tubes T\. Ordinarily the 

critical, 



Fic. 1-1-2. A gate circuit that is roughly 
comparable with that of Fig. 14-1 except 
for the polarity of the triggering pulse. 


amplitudes are not very - , , 

nor need they be constant. However, when positive pulses aie used, 




ilUl UCCU tliw ~ -- • i i • 1 4 

they must not be so large as to draw an appreciable grid current, snue 
with grid current, any input capacitors will be charged. At he end of 
the trigger pulse there will be an effective negative pulse due to the dis¬ 
charge of this capacitor. Consequently, if the input trigger is very nar¬ 
row these positive and negative pulses may counterbalance each other, 
and’the circuit may not be actuated. Of course, the drawing of grid cur¬ 
rent can be avoided by using negative triggering pulses applied to the 
appropriate grid. This is not always desirable, however, and as will be 
shown (see, for example, Fig. 14-0), the effect of the triggering pulse will 
appear in the output gate. Reliable triggering is usually possible with 
a pulse that has a rapid rise time, say 0.1 /xsec, and a gradual fall, so as 
to give a width of perhaps 1 nsec at the half amplitude value, the 

amplitude of the pulses will range from 20 to 50 volts. 

If the pulse source must supply any appreciable current, then, owing 
to the effective output-terminal impedance of this source, the trigger 
waveshape may be affected adversely. Also, if tins source effective out¬ 
put-terminal impedance is low, it may seriously load the gate circuit. It 
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through diodes, m the manner illustrated in Fig. 14-3. The diode may 
be of the vacuum-tube type, such as the 6HG or 6AL5, or it may be a 
germamum crystal diode With the arrangement shown, the pulse must 

died g V ,!i’ f lndlCated - For a Positive-pulse triggered circuit, the 
diode would be reversed. For example, to operate the circuit shown 

ith positive pulses, the diode would be reversed and would be connected 
to the plate of tube T2. 

To understand the action of the diode, refer to Fig. 14-3. Tube Tl is 

norma !y off and T2 ,s on. The potential of the plate relative to the 
cathode of the diode T3 is zero when Tl is off and is negative when Tl 
is on, by the potential drop across R n . Hence the diode will conduct 


r 


f WhCn a " egatlve Potential is applied to the cathode. Ordinarily, 

G ^ X<cpt upon the application of a triggering pulse, the diode is 

fromTh U( - an< ^ * r !®? er drivin * c ^ rcu it is essentially disconnected 1 
nf tho G ClrCU1 . t ’ ^is n °t completely the case, of course, because ^ 
j , fr . 10CG c ^P ac ^tances that from plate to cathode, and that from 
f • grouild * These may be very small, however, so that the load- 
fnHn wu' er ^. S ^t- a PPhcation of a negative trigger of magni- 

lff d .!nd 7’l h f n fi he IR dr ° P in the Pl3te resistor wil1 cause T2 *0 cut 
:]/ I* ° soon as Tl fires, the plate potential e bi falls and 

will disconnect the diode from the circuit. 

j ,• * ^ e ,° triggering pulse is not very critical, nor are the pulse 

front pr io. an f f ! ai lng S ^ ope important. It is still desirable to have the 

c o e trigger have a fast rise time, but because the trigger * 
source is disconnected when e M falls by an amount equal to the pulse 

am ^ ' u *■ e uration and trailing slope are unimportant. In fact, 

e\ en l e pu se as a positive overshoot, this cannot get through the 
diode to cause any spurious firing. 

The input time constant RC is not critical, although it must be small 
compare wit the recurrence period of the triggering pulses. During 
u.. G °P eratlon > the input time constant varies from the value determined 









Sec. 14-2] 


HEAVILY BIASED RELAXATION CIRCUITS 


455 


combination of the diode resistance and Rn, with thu group shunted by 
C, and R.. in series, and when T 1 is on, the time constant returns to RC. 
Since such switching action occurs in a microsecond or less, the potentia 
change on the capacitor C will be small. Capacitor C will rechaige 
through R. Hence with RC small compared with the recurrence period 
of the pulses, the recharging will be complete before the next trigger, 
and the operation will proceed without complications due to any change 



Triodes may be used for coupling the trigger to T\ in the manner 
illustrated in Fig. 14-4. In this case the input tnode T3 and M com¬ 
prise a common plate mixing arrangement. T3 is nominally beyond 
cutoff, and the application of a positive trigger to the grid provides an 
amplified negative trigger at the plate. The operation is otherwise e 
same as for the diode. Of course any trigger overshoots to the normally 
cutoff T3 are ineffective. The use of the triode circuit also provides 


sharpening of the input pulse, due 
to the amplification. 

14-2. D-C Coupled Gate. The 
circuit of a d-c coupled gate is 
given in Fig. 14-5. It will be -y— 
noted that this circuit is only a 
slight rearrangement of the circuit 

of Fig. 14-2. In this circuit, tube 

T2 is biased at or beyond cutoff Fig. 14 - 5 . A d-c coupled gate, 

by the application of a negative 

1 potential to the grid. This fixed bias is obtained from the potential di¬ 
vider comprising Rn, R , and R 0 i, which is connected between E bb and E ce . 
Also, in order to ensure that Tl is normally in the conducting stage, R 0 1 , 
which is shown connected to ground, may be connected to E bb . 

The capacitor C 2 , which might appear to be unnecessary at first glance, 
actually serves a twofold purpose. It serves to decrease the switching 
time from T1 to T2, and also it serves to increase the reliability of opera¬ 
tion of the circuit. To examine this matter, it is necessary to consider 








456 


ELECTRON-TUBE CIRCUITS 


[Chap. 14 


- [v^nAr, i«t 

changing’rap^ly " S !“* Pre ™'‘ ““ srid - c * lhode Potential horn 

to oppose hetSeeri uT "l' S “‘ l»“ li »' l “ Vary i„ « di,«ti« 

tende to prevent the plate p„, JL 2 ™ ellgfpg ®’ 

way The inn!,1 mte ? ll>c * rode “WeiUnce. may be viewed in another 

of so If Th?. „ lng .f “ an ’ plificr ' "» uld ordinarily be ot the order 
O OU lhls capacitance, plus distributed and wirin* capacitances 
may amount to perhaps 60 yu/if. Since R > is of thn 1 ° f P u ’ 

the orirl , ; • r , ncc n y2 is ot the order of a megohm, 

ne constant is of the order of 50 tn inn r* n 

ovcrZo^y ShZL;* wi, S h e l ,0 „t Ct T kChi '* Th “ ” 

stant RC . = I? r a n * 2 ’ ^ 1S chosen to make the time con- 

tube T2 then th ^ *"i 1010 *'? 1S ** 1C tota * e ^cctive input capacitance to 

tiab J n The Oif , POtam, “ “ f 7-2 “«»“% follows the plate pet,,,- 
tied exactly CU1 0pciatC5 satisfactorily if this equality is not satis- 

in potentda^a tG^m ay < oc-cuT°^This^ la, ' Se; . oth « rwise a ,ai 'S e overshoot 
Consider th* ^ i ,• 1 “ Ib ^ acto1 arises for the following reason: 

.he grid ::LTr r,::: a t m of ,,,c ” upi, " s r md 

islrlVluVoLtTi; ? p T poi “ ,i » i ° f n ' ” d this »“» 

TI Di«fp ° , Aalt - . If C * IS ]ar ge compared with C l2 , the full 
then be an evnn^ ^ a PPcar across C 2 and there will 

approximately halTtht vllue Steady ' state change, which is 

tive with the fln r <• alue * rills lar ge potential may drive G 2 posi- ( 
to change annre ? n gm currcnt * ma y cause the potential of C 2 

pletely before th^nert "tri™!*® '““'V*'* potcntial ma -V not decay corn- 

operation will not prevail “ril'r pulse . appears - 1,1 this case - reliable 

resolving time (the minin ^ * ‘V 00 argc a value of ° 2 may llmlt the 
of the circuit. Ordinarily^ t bct "' een successive triggering pulses) 
The waveformc 7 ls . chosen 111 the ran ge from 50 to 100 

to clarify the operation'orthTdrlu? ^ ^ 

dUr * l '“ ^ illustrated is ' 


T - CiR 3l log, - 


A)* - /f 


b 2 


-A’.. 


(14-3) 


decrease jttter"of t0 , in the manner shown in Fi g- 13-33 to 

lading edge, the time duration of the gate becomes 


7 1 — n 7) 


1_ 


- E. 


h'} 
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be so large that leakage currents and the possibility of pickup become 
important. 

The Cathode-coupled Gate. The cathode-coupled gate is essen¬ 
tially the cathode-coupled multivibrator which is so arranged that one 
tube is normally biased beyond cutoff. A comparison of the circuit of 
fig. 14-7 with that of Pig. 13-35 shows that these are almost the same, 
except that R g2 in the circuit of Fig. 14-7 is connected from the grid to 

the cathode of T2 instead of from 
grid to ground. In this circuit, 
T 1 will be nonconducting, and T2 
will normally be in the conducting 
state. Consequently a positive 
triggering pulse applied to the grid 
of Tl is required in order to acti¬ 
vate the circuit. 

As ordinarily used, the grid of 
T\ is returned to a positive potential, rather than to ground. With this 
change, it is found that the pulse width T is directly proportional to the d-c 
potential L to a high degree of accuracy over a wide range of variation of 
this d-c potential. Such a modified circuit is illustrated in Fig. 14-8. A 
detailed analysis of the operation of this circuit follows. 



JT 


1' ig. 14-/. A cathode-coupled gate. 




? < l 2> 
^(E bh -I b2 R^^Vb2 


E 


L 11 


: e *i 

e *\ i 





•b2 


^ E Jc2 s ^b2Rjc 


Tr;n *). c 5 t J lode - cou Picd gate with the Fig. 14-9. The quiescent conditions in 

g ie o a positive bias E. the cathode-coupled gate circuit when 

T2 conducts. 

The d-c bias potential E is kept low enough so that tube T2 is nomi¬ 
nally conducting and 7T is off. The quiescent conditions before the 

trigger is injected are shown in Fig. 14-9. The current through this tube 
is given by the relation 

A* = g- . ' Eb " , p (14-5) 

Kl2 ~r 7*62 + Rk 

and the cathode-ground potential E k2 is then simply 
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Consequently, the potential across the capacitor, assuming that the grid- 
cathode pptential of T2 during conduction is zero, is 

Ei = E» - E k i (14 ' 7) 

When the circuit is triggered, T\ conducts and T2 is turned off. The 

quiescent conditions are those shown in 
Fig. 14-10. The current through T1 is 
given by the relation 


lb i — i 


E 


bb 


Rn "T r b\ "h Rk 


(14-8) 


and the cathode-ground potential E k 1 is 


Ei ci = IbiR 


61 ilk 


(14-9) 



1+ 

' E h:l aI bl R k 


F IG . 14-10. The quiescent condi¬ 
tions in the cathode-coupled gate 
circuit when 71 is conducting. 


Clearly, when the circuit is triggered, 
the plate of tube T 1 falls from E bb to 
E bb - hiRn and the point K changes from 

E ki to E kl . Because of this, the potential p m7Hothe 

across the capacitor C will change from the value given m Eq. (M-7) 
value 


E x = Ebb - hiRn - E kx = E r i ' 

The capacitor potential changes b\ an amount 


Ek i — Ebi 


(14-10) 


&E = E 2 — E\ — Rbb 


En — Ekl + Ekl 


(14-11) 


V 


Of this, the fraction E c > initially appears across the grid of T2, where 

7^ 



E c2 = (Ebb - Eti ~ E k2 + Eki) 


Rq2 

R' T - R<j 2 

(14-12) 


and where R' is the parallel combination 

_ _ . • i 


<0 

V 

ft 

ft 


Fig. 14-11. The discharge circuit of r 6 i and R n + Rk . The potential wi 
of the capacitor C. then approach zero along an exponential 

> curve, and T2 will again begin to conduct when e c2 = £02 in the circuit of 

Fig. 14-11. This occurs at the time when 


-E 02 = E c2 e- T/CR °' 


(14-13) 




approximately. This expression assumes that R 0 i is large c omP a '^ 
with the parallel combination of r M and Rn + Rt • Solving for 
T yields 
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which is given with good approximation by 

_ „„ , Ebb — Et> i — ^*-2 

T = CR a 2 log,-p- 

— i^02 


(14-14) 


r 


To reduce the jitter in the trailing edge of the pulse, and also to per¬ 
mit somewhat greater control of pulse width with d-c bias potential, the 
grid of T2 is returned to the plate supply potential through a large grid 

resistor, as illustrated in Fig. 14-12. 

Because of this change, the analysis given t T 

above must be modified. Such an analv - >^4 < 2 

sis leads to the following expression for the /jx _ \ 

discharge time of the capacitor and hence p _ —I 

for t he width of t he gate: 'l 

T - OR > loc 2K ’- h ~ Eri “ m' ? (H-15) —^1-- 

T - LR a tloge E _ Eki _ y/ o ., 

> Fig. 14-14. A pentode gate 

Sketches of the important waveshapes of oircuit. 

the circuit are given in Fig. 14-13. this 

circuit will receive further consideration in Sec. 14-6. 

14-4. Pentode Gate Circuits. The van der Pol relaxation oscillator 

shown in Fig. 13-45 may be converted into a gate circuit by applying a 

negative bias to the suppressor grid or by reducing the value of the lesi - 

ance ft 2 . As already discussed in Sec. 13-24, the principle of the circuit is 

_k._ Grid 


T = CR 0 2 log, “ ; 


(14-15) 


Fig. 14-14. A pentode gate 
circuit. 






P/ctfe 

Screen 



Suppressor 


3 Fig. 14-15. The waveforms of a pentode gate when triggered with negative and witn 
positive pulses. 

essentially the same as that of the two-tube multivibrator, except that 
the necessary amplification without phase reversal is obtained m a single 
tube. A circuit of this pentode gate is given in Fig. 14-14. Such a gate 
circuit may be triggered either by positive or by negative pulses, the gen¬ 
eral character of the waveforms at various points in the circuit being those 

illustrated in Fig. 14-15. . 

rated in Fig. 14-16. 1 In 


•l 
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the quiescent condition the tube T1 draws grid current, and the plate 

po en la is at a value E &. The application of a negative triggering pulse 

n ^ cause the tube to cut off, the time of cutoff being con- 

. r< \. e , y anc * During the triggering pulse, the capacitor C\ 

is isc arge through T2, and recharging takes place through Ri , since, 

a e en of the pulse, T2 will be cut off. The grid and plate wave¬ 
forms are somewhat as illustrated 


in Fig. 14-17. 

14-6. Linear Delay Circuits. 

Certain radar applications among 
others require circuits to generate 
pulses, the widths of which are 
directly proportional to a d-c poten- 


Triggzr 


1 


y 


/ 








Fig. 14-16. A positive-bias pentode 
gate circuit. 



in 


VJ. I . XUC gnu UUU fJIiUC W'ttVWViw 

the pentode gate circuit of Fig. 14-16. 

tial, to a high degree of accuracy, and over a wide range of variation of this 

d-C Dotftn t.lfl.l fill oK n _ il • 'll i Ml . i 


^ accuracy, and over a wide range of variation of this 
c potential. Such a circuit as this will make possible the generation of 
a mar 'er or tiiggering pulse at an accurately known instant after it is 
mi late . Although a tremendous manpower effort has been devoted to 

the lnvesf ip-oti nn r\f . i # i _ 


• . . wciiiciiuuuB manpower enort nas oeen aevoieu 

e investigation of circuits to fulfill these requirements, only a few circuits 
ave een found \vhich are even moderately satisfactory. Among the cir- 
cui s to e studied which do possess the desired characteristics are (a) the 

inear e ay gate circuit, (6) the sanatron, ( c ) the phantastron, and ( d ) the 
linear-sweep delay circuit. 

w v « ^ m A 


UlLUlt. 

^ aear dela y gate circuit is the cathode-coupled gate circuit of 

15 u •" J- shown to yield a gate width or time duration 

which is directly proportional to the d-c potential E to the grid of 7T. 

n e ot er three circuits, a comparison is made between the specified 

-c potential and a point of equal potential on a linear saw-tooth poten- 

tia wave. At the time of potential agreement, a rapidly acting chain of 

events is initiated to produce a pulse. Consequently, these circuits 

me u e a linear saw-tooth generator, a potential comparator, and a 

pu se-generating circuit. The manner of achieving these results is dif¬ 
ferent in each case. 


--- 

.. The Linear Delay Gate Circuit. The essential element of the 

11 n /J - 1 • . 
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To see that the time duration of the gate is directly proportional to the 
i • 4 . r F ri M4-15) is examined in some detail. 

FirTtTt is note’d from the tube characteristics of a typical triode say the 
6SN7, that the plate current can be related to the plate and gri po < n 

tials by an equation of the form 

h -l{E b + »E C ) (14 “ 16) 

where E b is the plate-cathode potential and E c is the grid-cathode poten 
tid 16 That is except n, the region of very small currents, the linear set 
of curves is a fair reprcse.itstion of the normal space-charge curves of the 
tube. It follows from this expression that 


E b = kl b - nEc 


(14-17) 


Also, it follows from Fig. 14-12 that 


E b + h(Rn + Rk) = E 


bb 


(14-18) 


By combining Eqs. (14-17) and (14-18) there results 


L = 


Ebi + ng ; _ 
Rn 4" Rk + k 


(14-19) 


Also from the figure 


E = E e 4- hRk 


(14-20) 


It then follows from Eqs. (14-19) and (14-20) that 


to 


I h r% 


E bb + v-E 


Rn + (m + l)Rk + k 


(14-21) 


to 

to 

of 

da 

1. 

fl' 

i 


These expressions are combined with Eq. (14-15) to yield 

E bb 4- IbRn - E k 2 

T = CR °> ^ 

f /? 4- (u 4- 1 )R k 4- k](E b b ~ E k2 ) ±_E]\Ebb + m ERi\ 
T = CR 0 2 log* i )R k 4 - k\(Ebb — E 02 ) — RkE bb — nERk 

X This may be written in the form 


(14-22) 


a 4- bE 


r = c/ ^ 2 log . 


(14-23) 


where 


a = [R n + ( M + l)Rk + k](Ebb - Eu) + R " E 
c = [R n + ( M + 1 )Rk + k](Ebb - E 02 ) - RkE 

d = p.Rk 


bb 


(14-24) 


bb 
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Now expand Eq. (14-23) to the form 

T = CR a2 £log, “ + log, (l + ^ E'j - log, (l E^J (14-25) 
But over the range for which 

“ E < 1 - E < 1 (14-26) 

u c 

the logarithm may be expanded and only the first term in the expansion 
retained. The expression for T then becomes 


or finally 


T = CR o2 (log, ?+*£! + *#) 

\ c a c ) 


(14-27) 


which indicates the linear variation of T with E. The change of period 

wit i c anges in d-c reference potential, i.e., the slope of the curv’e, is 
simply 


dT 

dE 


= CR. 


* a - o 


(14-28) 


t is of interest to examine the allowable range of variation of E. 
onsidei fiist the maximum allowable value of E. For gate operation, 
must be off when T2 is on. However, if E is too large, this will not 
e tiue and the circuit will act as a multivibrator, and not as a gate cir¬ 
cuit. The limiting value ot E is given by the requirement that 


or 


E c i = E - I 2 R k ^ E 


E, n&x — I 2 R k ~f~ Eq\ (14-29, 

The minimum value of E is obtained directly from Eq. (14-23) and is that 

va ue or v ich the argument of the logarithm is unity. This occurs 
when ° 


or 


a ~h bE = c - dE 


Emin = (14-30) 

b ~h a 

F °'TK ralUeS E ^ SS ^ an circuit cannot be triggered. 

The normal range of variation of E, as dictated by Eqs. (14-29) and 

4 30) is not very great, so that the gate width is dictated largely by the 

pro uct CR g2 . The choice of the parameters C and R g 2 is dictated in 

e present case by the same reasoning that was given in conjunction 
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with the choice of C and R. in the circuit of Fig. 14-5, with the general 
choice of C as small as possible with a not unreasonably huge valu 

Adrcuit that «. used evasively at the MIT 
for producing a marker pulse is illustrated in Fig 14-18. This urui 
yields an output pulse the delay of which is directly proportional to the 

d-c potential applied to the grid of T1 within ±0.25 per cent ° v “ * 
range from about 8 to 150 M sec. It must be emphasized that the pa 
must be specially selected to achieve special ends. For example, t 
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Fig. 14-18. A linear delay gate circuit which triggers a blocking oscillator to produce 
sharp pulses. 

» two resistors in the cathode of tire cathode-coupled gate were by differ¬ 
ent manufacturers and provided compensating effects as the tempera¬ 
ture varied. Other characteristics of this circuit will be given below. 

14-7 The Sanatron Delay Circuit. 1 The sanatron delay circuit is one 
of a variety of linear delay systems which have been designed around the 
so-called Miller integrating , or Miller run-down, circuit, which is used to 
generate a highly linear saw-tooth potential waveform. The details ol 
other linear delay systems will be discussed in later sections. For pur- 
, poses of clarifying the need for the circuits to be discussed in this and in 
the following sections, the principle of operation of the sanatron will be 
graphically portrayed. The details of the circuit operation are given in 

Fig. 14-2G. 

As already mentioned, the sanatron operates on the basis of compar¬ 
ing a specified d-c reference with a point of equal potential on a linear 
saw-tooth potential and measuring the time interval between the incep¬ 
tion of the linear saw tooth and the point at which potential equality 
occurs. The important principles are displayed graphically in h lg. 14-19. 
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In fact, this diagram also portrays the principles of operation of the 
so-called linear-sweep delay circuit , although the details of this system 



Fir.. 14-19. The principles of operation of the sanatron. 
differ markedly from those employed in the sanatron. In the sanatron, 



which is normally biased beyond cutoff. The general character of the out¬ 
put is illustrated in Fig. 14-21. 
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Before examining the circuit analytically, a qualitative discussion is 
desirable Note that, before the arrival of the gate to the suppressor 
grid, the control grid is very near the cathode potential, owing to the 
fact that the grid draws current. Also, the plate current is cut ° 
because of the bias of the suppressor. Immediately after the arrival ot 
’ the gate pulse, the plate potential falls. The grid potential is likewise 
lowered, since the falling plate potential is applied to the grid through 

capacitor C. The grid potential 
continues to fall until a point near 
grid cutoff is reached. At this 
juncture, the true Miller charging 
condition sets in, and the linear 
decay of the plate potential begins. 

That is, the plate waveform includes 
an initial drop of 5 to 10 volts which 
^ is followed by a linearly tailing 
potential. 

To examine the action of the cir¬ 
cuit analytically, it is noted that 

- A A % 


(E bb -e h )\%Ri 


9m?g 



Fig. 14-22. The equivalent circuit of the 
Miller integrator when the pentode is 
rendered conducting by the application 
of a potential to the suppressor. 

cuit aiL&iy , xu v,v.~ -- . 

when the positive gate is applied to the suppressor grid, which thereby per¬ 
mits the plate to draw current, a current generator is effectively switched 
into the circuit between the plate and ground. The equivalent circuit 
when plate conduction occurs is essentially that shown in lug. 14-22. 
It follows from this diagram that 

(14-31) 


C 

lb* 


Y,{E bb - e b ) + Y„(E C c - e„) = g m e a + Y p e b 


Also note that 


and 


e b = e 4- e, 


e > = ~Ci ia + e ° 


(14-32) 


(14-33) 


where p denotes the usual operational form for the operator d/dt. Note 
that Eq. (14-33) may be written as 


so that 


(dp ^ °^^ cc ^ 0 ^ 

Cpe b = (Cp 4- y 0 )e 0 — Y 0 E IC 


(14-34) 


ft Combine this with Eq. (14-31) to get 

(Yi + Y p + g m + Y 0 )Cpe b + Y 0 (Y l 4- Y p )e b = Y 0 {Y l E bb - g m E cc ) 


(14-35) 



[Chap. 14 


468 


ELECTRON-TUBE CIRCUITS 


This may be written in the operational form 


where 


a = 


(P + a)e b = A 

Y,(Yi + Y p ) 


A = T 


(Y i + Y p + g m + Y g )C 
Y 0 (Y{Ebb - g m E cc ) 


(14-36) 


(Yi + Y p + g m + Y 0 )C 


1 his is the controlling differential equation that relates the variation of 
the plate potential with time for the specified circuit parameters. 

1 he general solution of this differential equation is the expression 


e b (t) = 4 + 

a 


c&(0 + )-- 

a 


—at 


(14-37) 


where e&(0~b) is the value of the potential Cb just after the tube begins to 
conduct. An approximate value for this is possible from considerations ^ 
of Eq. (14-32) by noting that just after switching 


e b (0 + ) = e(0 + ) + e g (Q+) 


Also, making use of the fact that 


then 


e b = Ke 


e &(0 + ) = 


~K 


1 - K 


e(0 + ) 


Moreover, the potential across the capacitor C does not change during 
the switching operation. But before switching the plate is at Ebb , under ^ 
the assumption that the grid is practically at ground potential and that { 
the plate current of the tube is cut off. Then 


-KE* 


*6(0 + ) = 


where the gain is approximately 


1 - K 


(14-38) 


K = 


where 


u R'i = 

Equation (14-37) is then given by 


— gmR'i 

Rir p 


(14-39) 


Ri + r 


e„(t) = + 


Y, + Y 


( ~KE bb _ 
\1 ~K 


Y l Ebb — QmE 


Yi + Y 



Y g (Y,+ Y P ) 


e ( Y a +Yi+Y P + ffm ) 




Ordinarily E cc is chosen equal to Em>. In this case 


(14-40) 


*6(0 = E 


bb 



9 


m 


+ Y 


+ 


(-=*__ 

\1 ~K 


V - n \ Y 0 (Yi+Y>) , 

LL _) e ( Y g +Yi+Y 9 +gm)(r 


Yi+Y 


(14-41) 


p/ 
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For the usual circuit parameters, Y p = Yi = Y 0 ~ 10~ 6 mho, 


169 


e b (t) = E 


bi 


-gmR'i 4- 


K 


e 0 


— —1 
mRl' RgC 


or finally 


e b (t) = E 


bb 


K + 


- *) 


t 


-KRaC 


(14-42) 


For the usual conditions of operation, this expression may be expanded 
and only the lower-order terms retained. This yields 


e b (t) = E bb I K -F 


- K r 

Tr ~ E 


1 - K 


1 


t 


— K ligC 




which may be written in the lorm 


e b {t) = E 


bb 


— K 
1 - K 


t 

R 0 C 


(14-43) 


A plot of this expression indicates a small initial step of amplitude 
E bb /( 1 - K) followed by an exponential decay, which over the range of 
operation is practically a linear fall in potential. Some measure of the 
linearity is possible by examining the ratio of the second-order to the 
first-order term in the above expansion. The percentage deviation from 

the linear is approximately 


cr ] • r 3l /( — KRoC)¥ ^ iqq — 5p 

% deviation = - 


— KR„C 1 (14 ' 44) 


For a circuit for which the linear time is to extend toi 100 /iscc, typical 
parameters are R 0 = 3 megohms, ( — 100 nnf, and K 200. 1 he devi¬ 

ation becomes 


50 -KR„C 


100 X 10“ 6 X 50 


3 X 10‘ X 100 X 10- 12 X 200 


= 0 . 1 % 


Although Eq. (14-43) indicates the presence of a small initial potential 
idrop in the plate potential at the onset of plate conduction, the extent 
of the drop normally exceeds that indicated by the equations. The 
explanation is to be found in the contribution to the initial plate cur¬ 
rent by charging currents which appear due to charging the tube and 
wiring capacitances. In fact, it is these capacitances which cause a 
gradual change between the initial drop and the linear potential decay, 
instead of the sharp break predicted by Eq. (14-43). 

At the end of the plate conduction period, when the pulse to the sup- 
'ressor is removed, so that the pentode plate current is again reduced to 
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zero, the capacitor begins to recharge to the potential E bb with a time 
constant which is RiC, approximately. 

If the circuit is modified as illustrated in Fig. 14-23, a control is possible 

to the upper and lower potential limits between which the linear saw 

tooth traverses. In this circuit, if the potential of the plate is higher 

than A’j, the diode T 2 will conduct. In this way the plate of 74 is tied 

to A',. Likewise, when the plate potential is falling with the application 

of the gate to the suppressor grid of T 1, diode T3 will be nonconducting 

until the plate potential falls to E t , when the diode T3 will fix the lower 
potential of the plate fall to E>. 

The linear saw-tooth wave from the Miller integrating circuit is then 
used m a potential comparator circuit. In this circuit a comparison is 
effected between the potential, and hence the corresponding setting of a 


JT 



4 





Fig. 14-23. A Miller integrator with 

controlled limits. 




( Ranging 
'potentiometer 


r 

f 


» 

I' ig. 14-24. A douhle-triode potential- 
comparator circuit. 

potentiometer with that of any desired position on the linear saw tooth, 
the output which appears as the movable edge of the gate, is directly 
propoitiona to t ie potential on the linear potentiometer, and hence to 
the position of the potentiometer shaft. A double-triode potential com¬ 
parator circuit is illustrated in Fig. 14-24. Note that the saw-tooth 
potential from the Miller integrator is fed directly to the grid of one 

tube, the second tube being connected to the movable arm of the linear 
potentiometer. 

The circuit resembles the cathode-coupled gate, and its operation 

depends on two cumulative actions taking place when certain conditions 

^ / • uppos(; that ‘be potential at the slider of the ranging 

• nntiv°!” C | I" 'f. a ° Ut . 2 ^ bh ' the instant that the Miller integrator 
t i , a P f 10 a PPb<*ation of the positive gate to the suppressor grid, 
th potential of the grid of 74 will be E bb , the potential of the grid of T2 

i /l i. b ’ an } be conducting. This state of the comparator 

circuit continues while the grid potential of 74 falls with the saw tooth, 
until it approaches the potential of the grid of T2. The circuit now 
ecomes unstable, and a flip action takes place, with Tl becoming non- 

th* 1 an j beginning to conduct. Clearly, as the potential of 

S 1 fJ T 1S ^ C UCeC ^ flip action takes place at an increasingly delayed 

time after the stnrf 4k. , .. J - - 
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will be proportional to the angular position of the shaft of the ranging 
potentiometer. The corresponding action which returns the circuit to its 
initial state takes place at the equivalent potential on the exponential 
rise when the Miller circuit capacitor is recharging. 

The amplitudes of the potential steps that appear at the anodes of T\ 
and T2 depend on the amount of current that is transferred from T I to 
T 2 at the instant of the flip action. This current depends on the setting 
of the potentiometer slider, but the variation may be reduced consider¬ 
ably by returning the cathode resistor to a negative supply. The two 



Fig. 14-25. The Multiar potential comparator. 


adjustable resistors at each end of the ranging potentiometer are to per¬ 
mit the potential across the ranging potentiometer to be adjusted during 

% calibration. 

A second form of potential comparator, known as the Multiar , is illus¬ 
trated in Fig. 14-25. The circuit resembles the positive-bias gate circuit 
of Fig. 14-1G, which is combined with a blocking-oscillator circuit. Tube 
H is normally on, owing to the positive grid bias. The application of 
the saw-tooth potential through the blocking-oscillator transformer and 
the pick-off diode T2 has no effect until the applied potential falls to the 
potential E. At this point the diode begins to conduct, and the falling 
potential is applied to the grid of H. The tube current begins to fall, 
thereby starting a regenerative cycle which proceeds to cut off very 
rapidly because of the blocking-oscillator effect of the transformer. 

learly, as the potential L ot the slider is reduced, the regenerative flip 
action occurs lower on the saw-tooth potential, and hence at a longer 
o ay from the start of the saw tooth. The circuit is returned to its 
quiescent state on the rising part of the saw-tooth charging circuit, 
on ever, the blocking-oscillator pulse does not appear in the output 
G ^ USe decoupling action of the diode T2. 

;s a pentode gate circuit fo r 
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producing the positive gate for starting the integrator, the Miller inte¬ 
grator circuit, and the potential comparator circuit. A circuit diagram 

is given in Fig. 14-2G. 1 he significant waveforms at several points in this 

circuit are given in Fig. 14-27. 



OutpVf 


Control 


Integrator 


Potentia / I comparator 


Fic;. 14-2G. The complete sanatron delay circuit, 

14-8. The Phantastron. 1 lie phantastron is a transitron circuit 
arrangement which combines the Miller integrator and the trigger prop¬ 
erties of the sanation in a single tube. The Miller effect improves the 
linearity, while the transit ron portion of the circuit provides the feed¬ 
back required to permit the capacitor 
to recharge at the end of the linear 
portion of the run-down. The 
schematic diagram is given in Fig. 
14-28, and the significant waveforms 
at several points in the circuit are 
given in Fig. 14-29. Chving to the 
mutual effects that exist during the 
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Fig. 14-27. The potential waveforms at 
various points of the sanatron 



\ 
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I 


Fig. 14-28. The phantastron delay circuit 


course o its operation, the phantastron in the form shown is somewhat 
m erioi to t e sanatron. It was for this reason that during World War II 

^ tu n * 1S ’ both circuits, preferred the sanatron. 

e version of the phantastron is designed around the 6SA7 

epto e, w ich, owing to the mutual shielding between significant ele¬ 
ments, pro\ es to be entirely satisfactory. One version of the circuit is 
given in Fig. 14-30. 

A second variation of the basic circuit is given in Fig. 14-31. This cir- 
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cuit employs a cathode follower to restore the CSA7 to the quiescent state 
quickly by helping to restore the plate potential to the starting condition 

at the end of the operating period. 


The circuit of Fig. 14-31 with appro- 
priate parameters yields an output 
pulse, the delay of which is directly 
proportional to the d-c potential ap¬ 
plied to the control diode within 
±0.1 per cent over the range from 
about 8 to 150 Msec. Several of the 
important waveforms in this circuit 
are given in Fig. 14-32. 

14-9. The Linear-sweep Delay 
Circuit. The linear-sweep delay 
circuit operates on the same princi¬ 
ples as the sanatron, as illustrated 
in Fig. 14-19, except that the linear 
saw tooth is a rising one rather than 
a falling one. The linear saw tooth 
is generated in this system by means 
of a so-called “bootstrap” circuit, 
which incorporates feedback for 
improving the linearity of the sweep 
potential. A potential compara¬ 
tor, consisting of a pick-off diode 
and high-gain amplifier is used to 

^ J.j.• ii. __i - 


Input 

trigger 



Grid 

e 9 



Fig. 14-29. The potentials at various 
points of the phantastron. 


determine the point on the saw-tooth potential at which a potential com¬ 
parison is effected between a known potential and the corresponding point 

on the saw tooth. 


\ 



Fig. 14-30. One version of the phantastron built around the GSA7. 

The essential elements of the linear sweep generator may be discussed 
by reference to the circuit of Fig. 14-33. In this circuit, 7 1 is normally 
conducting, and the potential across the capacitor is Ebi- With T 2 
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absent and with the application of a negative gate to the grid of Tl, 
the capacitor will begin to charge from E bl toward E bb along an exponen¬ 
tial curve, with a time constant (/?, + /? 2 )C. With T2 connected as 
shown and with the application of the negative gate to cut Tl off, then, 

6SA7 


6SN7 





as the potential acioss the capacitor increases, the feedback through the 
cathode follower T2 which is applied to the circuit through which the 


capacitor charges will cause the point .1 to increase. In effect, there¬ 
fore, the capacitor, instead of charging to a constant potential £’», 
charges toward a continually increasing potential. As a result, instead 

ol the charging curve being exponential, 
it is very nearly linear, the extent of 
the linearity being determined by how | 
nearly the gain of the cathode follower J 
+ r is to unity. 




L —> 

I'io. 1 -l-d‘2. Important potential wave¬ 
forms at two points of the pliant:i<- 
tron with cathode follower and piek- 
ofT diodo. 



r 


An analytic description of the operation of the saw-tooth generator is 
readily possible. Io analyze the circuit operation, assume that C c , the 
coupling capacitor from the cathode of the cathode follower to point A- 
is sufficiently large so that no change in potential occurs across it durinf 
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the-course of operation. Now, as the potential c across the charging 
capacitor changes, this potential is applied to the grid of the cathode 
follower. The varying component of potential to the grid of the cath¬ 
ode follower is e - E bh since the potential across the capacitor C just 
prior to the application of the negative gate to the grid of T\ is E b i, the 
potential drop across the tube 7T under quiescent conditions. Thus 
when T 1 is cut off, the complete charging equation is given by 


* = Ea + K(c E b \) 

the effective output-terminal impedance of the cathode follower being 
considered zero. This is rewritten as 


22 . . 1 - K . 
Ril + ~CjT 1 


= E a - KE 


61 


(14-45) 


The complete solution of this equation has the form 


h' K Fl ~ K) t 

Ea ~ EL b \ UjC 


l = 


R 


(14-4(i) 


To find the expression for the potential c, use is made of the fact that 


1 . A 

e = -7z- i — 


Cp 


Ea — KE 6i 
RzC ~ 


-Jl - A') 

' K'C dt 


(14-47) 


which becomes, since e = E b \ when t — 0, 


= E hl + 


Ea - KE bl Ea - K E b 1 


— (1 — A) 


1 - K 


1 - K 


c 


IiiC 


—l 


or finally 


» ~ KE bl ( 

e — Eui == —^ 




c ) 


(14-48) 


This result may be interpreted to show that the effective potential 
toward which the capacitor is charging is (E A ~ KE bl )/( 1 - K). But 
since K for the cathode follower is nearly unity, then the effective poten- 
i tial of the charging source is very large and approaches infinity. More¬ 
over, since the effective time constant is very small, the capacitor charges 
linearly. In fact, the actual charging proceeds approximately accord¬ 
ing to 



or 


(Mr49) 
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potse 
duration T 


Sketches of the significant potentials as functions of time are given in 
ig. 14 34. As in Eq. (14-44), the deviation from linearity is readily 

obtained. It follows that 

e A f . _ K 

Per cent deviation = 50 — 1 

ll2\j 

(14-50) 

A complete circuit of the linear- 
sweep delay is shown in Fig. 14-35. 
In this circuit, Tl and T2 are con¬ 
nected as a simple cathode-coupled 
gate, the negative square wave 
thus generated being applied to 
the grid of 7 7 3. The time duration 
of this square wave is the maxi¬ 
mum length of the delay desired. 
Ihis negative square wave is ap¬ 
plied to the linear saw-tooth cir- 

, , . . cuit, comprising T3 and T6. T\ 

e ps res oie t ic sweep quickly to the quiescent condition. A more com- 

p etc discussion of its operation is found in Sec. 15-6. The 2-kilohm resis- 

or to giouiK (auMs a upid lise at the beginning of the saw tooth, making 


s/ope = ~ A ~ KE bl 

r 2 c 



Fir,. 14-3-1. The potentials in the “boot¬ 
strap” sweep generator. 



J 


L/ ne *r s„ rep generator Amplifier 

feedback Vd” ** 50 * 

switch diode Blocking -ISO 

bsc/i/ator 

<IG ’ 14-35. A 150-/,'sec linear-sweep delay circuit. 

it a trapezoidal wave. This is necessary in order to make the sweep start 

pi y enoug to o\ or come circuit capacitances. Often this resistor may 

e omitted. 1 he 400-kilohm resistor and T5 are placed in the circuit as 
an additional sweep correction to prod 
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operation of this action is also found in Sec. 15-6. 77 is called the pick-off 

diode because it begins to conduct at a point on the sweep determined by 
the selection of its cathode potential with the adjustment of the 35-kilohm 
potentiometer. This is essentially the potential comparator in the circuit. 
When 77 begins to conduct, its output is amplified by 7’8, whose plate 
output triggers 7'9, the blocking oscillator tube. 

Table 14-1 shows a comparison of the features of the cathode-coupled 
linear delay gate circuit (Fig. 14-12), the phantastron circuit (Tig- 14-31), 
and the linear-sweep delay circuit (Fig. 14-35). The percentage change 
in range indicated is the maximum change at any point in the cycle. 


TABLE 14-1* 


COMPARISON OF THREE DELAY CIRCUITS FOR 150 mSEC 

MAXIMUM DURATION 


Subject 

Linear delay gate 

Phantastron 

Linear sweep 

Duration vs. potential... 

10% change in Eu about 
250 volts. 

0.25% from about 

8 to 150 /j.sec 
±0.5% change in , 
time duration 

0.1 % from 8 to 150 

flSQC ‘ 

+ 0.15 % change in 
duration 

0.1 % from 5 to 150 

Msec 

±0.15 % change in 
duration 

Temp coefficient (% 
change in duration per 
°C). ! 

-0.005 %/°C 

| 

- 0.002 %/°C 

± 0.003 %/°C 

Number of tube enve¬ 
lopes. 

2 y 2 

3 

5 

Max over-all sensitivity 
to all tubes . 

± 10 % change 

±5% 

±i% ^ 







* Taken from MIT Radiation Lab. Rcpt. T-18. Q ^ ^ (,W^ t■*- 

14-10. Trigger, or Flip-flop, Circuits. The trigger, flip-flop, oi^bistable 
circuit is not unlike the gate circuit except that, for fixed values of 


applied potential, there are two stable 
conditions of equilibrium. The cur¬ 
rents and potentials in such a circuit 
can be made to change abruptly from 
one set of stable values to a second 
set of stable values, or back again, 
although independent disturbances are 
required for each switching action. 

Refer to the circuit of Fig. 14-36, 
which was first discussed by Eccles 



£2 


-W *uvu W do 111 Ob 

and Jordan in 1919.* ObservTKt Fl0 ' - 1 /- 30 - The “-Jordan tr.ggcr 

.. . circuit. 

this circuit is like the multivibrator, 

although direct coupling exists between the plate of 77 and the grid of 

T9 and tbn trrifl of T\ . 


T?nrf Knr f Vio frrulc 
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are normally maintained negative by the potential divider and the nega- 
tive C-supplv potential. 

Suppose that T\ is conducting and 7'2 is cut off. The d-c potentials on 
the grids of the tubes are then, respectively, approximately zero on Tl, 

owing to grid clipping, and E cc + (-E cc + E bi ) on 7’2. These 

/t; 2 ~r n 0 2 

must be such that c c i is slightly positive and e C ‘> is negative. If now a 
Positive signal is applied to both grids simultaneously, there will be no 
appreciable action in T 1 but T2 will begin to conduct. This will reduce 
the grid potential on Tl, which reduces the tube current, setting off a 
regenerative action that continues until Tl ceases to conduct and T2 is 
fully conducting. I he transfer is effected in precisely the same manner 

as that discussed for other multivi¬ 
brator circuits. The circuit will re¬ 
main in this new stable condition until 
another positive pulse is applied. 

Negative trigger pulses may also be 
used to effect the switching. In this 
case the negative trigger acts on the 
conducting tube, causing a sudden de¬ 
crease in the plate current and a cor¬ 
responding rise in the plate potential. 
This rise is passed to the tube that is 



Fic;. 14-37. A “scale-of-2” circuit 


cut off, resulting in a flow of current in its plate circuit, which initiates the 
suite mg action. 2 s a matter of fact, any mixture of positive and nega- 
tne riggers ma> je present, and each trigger will operate the circuit re- 
gard ess of polarity. Moreover, the amplitude of the pulses need not be 
cons an , e on Y requirement being that they be sufficient to cause 
swi c mg. use eights should not be too large; otherwise grid current 
may lesu , wit consequent charging of input capacitors, with delayed 
response clue to their time constants. 

A practical form of the trigger circuit is illustrated in Fig. 14-37. Note 
ie use o capacitors Ci and C 2 across the coupling resistors R\ and /th¬ 
ese are use to overcome the effects of the presence of the tube capaci- 
ances an a so to increase the reliability of operation, precisely as for the 
action of the capacitor in the d-c coupled gate circuit of Fig. 14-5. Since 
two pu ses are required to cause the circuit to complete its cycle, viz-, 
or eac tube to pass from the nonconducting state to the conduct¬ 
ing state and then back again, the output from a differentiating circuit 
connected to either plate will consist of a series of positive and negative 
puses, the rate of each being one-half that of the triggering group- 
us, if either the positive or the negative output pulses are selected, 
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accounts for the name, scale-of -2 circuit. Circuits of this type are used 
very extensively in scaling down the number of pulses produced m 
nuclear-physics reactions. Ordinarily such scaling circuits are con¬ 
nected in cascade to produce scale-of-4, scale-of-8, scale-of-16, etc., out¬ 
puts. This permits a high-speed pulse source to be measured on a 
low-speed mechanical recorder. In nuclear-physics and cosmic-ray 
applications the pulses are not uniformly spaced in time. The circuits 
will function properly provided that the pulses arc not too close together. 
The resolution time of an average scaler, i.e., the minimum time between 



successive 
5 gsec. 


triggering pulses for accurate counting, is of the ordei of 


A circuit of the Eccles-Jordan type may be used to form gates, one 
edge of which is controlled by one circuit, the other edge of which is 
controlled by a second circuit. In this case, the grids ate fed lrom sep¬ 
arate sources, one source switching the circuit on, the othei switching it off. 

^ Precisely this technique may be used to measure the time interval 
between two events. The two events must be converted into triggering 
pulses by appropriate means, which might be mechanical, electrical, 
magnetic, etc. One trigger is applied to one grid, and the second pulse 
is applied to the other grid. The output from one plate is used to con¬ 
trol the starting, the output from the second plate controls the subse¬ 
quent stopping of an integrating device, such as the charging of a capaci¬ 
tor. The use of a linear charging circuit will yield a capacitor potential 
which is proportional to the time interval between the triggering pulses. 

The problems attendant on triggering the trigger circuit from a source 
of pulses are precisely those discussed in Sec. 14-1, and the techniques 
used for pulse injection are the extension of those used before, except 
that now the pulses must be applied simultaneously to both tubes. A 
circuit provided with diode injection is given in Fig. 14 -38. The opera¬ 
tion here illustrated requires a negative triggering pulse. Suppose that 
Tl is on and T2 is off. The application of the negative pulse of ampli¬ 
tude less than IRi, the drop across the plate-load resistor, will not affect 

will oass through TA 
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to the grid of T\ and reduce the current in T 1. This will set off the 

cumulative action which will continue until T2 is conducting and T\ is 

off. The next pulse will be blocked by T\ but will pass through 7’3 tc 
the grid of T 2 to effect the firing of T2. 

A number of variants of this basic circuit have been published. Reich 1 

replaced the triodes by pentodes. 
In this case the grids are free for the 
application of the initiating signals, 
the suppressor grids serving the 
same function as the triode grids. 
The circuit is shown in Fig. 14-39. 
Here the application of a positive 
potential to the control grid of the 


i- 

I 

Control 

I 



I'ig. 14-39. Eccles-Jordan type of trigger 
circuit using pentodes. 


nonconducting tube cannot cause conduction to begin, owing to the high 

negative potential on the suppressor grid, which prevents plate current 

loin flowing. 1 he application of a negative potential to the control grid 

of the conducting tube reduces its current and triggers the circuit. If a 

short-duration negative pulse is applied to the control grids of both 
tubes simultaneously, both tubes will 

be cut off. However, the coupling 
capacitors cause the suppressor of (he 
tube which was conducting to be 
more negative than that of the other 
tube, and as a result the current 
transfers to the second tube at the 
end of the triggering pulse. The 



Fig. 14-40. An alternative form of trig¬ 
ger circuit using pentodes. 


capaci antes should be such that the time taken for them to charge or to 
lsc large fiom one equilibrium value of potential to the other value 
is urge compared with the duration of the triggering pulse but small 
compaied with the time between successive pulses. 

An alternative circuit that oper¬ 
ates satisfactorily was suggested by 
Regener. 4 The circuit is shown in 

Fig. 14-40. 

A cathode-coupled scale-of-2 cir¬ 
cuit was suggested by Seal. 5 The 
circuit is shown in Fig. 14-41. It 
will be observed that this circuit 

bears the same relation to the cath¬ 
ode-coupled multivibrator that the circuit of Fig. 14-37 bears to the plate- 
coupled multivibrator. 

14^11^ Single-tube Pentode Trigger Circuit. It was first pointed out 



Fig. 14-41. A cathode-coupled scale-of-2 
circuit. 
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and the suppressor grids of the pentode relaxation oscillator of Fig. 14-39 
with a resistor, the result is a trigger circuit. This circuit is illustrated in 

Fig. 14-42. 

A physical explanation of the operation of the circuit is possible. Sup¬ 
pose that the tube is initially in such a state that the current to the plate 
is zero when the current to the screen is a maximum. If the resistances 
R and R, and the suppressor bias are properly chosen, the suppressor 


potential is sufficiently low to maintain 
no plate current and the tube remains in 
the zero-plate-current state. 

Suppose now that a positive triggering 
pulse is applied to the control grid which 
is sufficiently positive to cause plate cur¬ 
rent to exist. As a result, the screen cur¬ 
rent will begin to decrease, and the screen 
and also the suppressor potentials will 
begin to rise. This causes the plate 
potential to tend to increase, resulting in 



Fig. 14-42. A single-pentode trigger 
circuit. 


a cumulative action which continues until the plate current attains its 
maximum possible value. At this point, the screen is almost at Kb, the 
suppressor potential is slightly positive owing to the suppressor grid cur¬ 
rent when the potential is positive, and the plate continues to draw cur¬ 
rent. The tube thus remains in the conducting state. 

To turn the tube off will require the application of a second positive 

triggering pulse. With an increase of tube current, the screen will col¬ 
lect more electrons, lowering the 



Fig. 14-43. A two-junction transistor 
multivibrator. 


screen potential. This lowers the 
suppressor potential, which then 
begins to control the anode current. 
With a decreased anode current, the 
screen current increases, and the 
cumulative action begins, which 
ends when the anode current is zero. 

14-12. Transistor Switching Cir¬ 
cuits. 6 The circuit of a junction- 
transistor multivibrator circuit is 


given in Fig. 14-43. The circuit makes use of one transistor to effect the 
switching of a second transistor, in a manner somewhat analogous to the 
action of a two-tube multivibrator. Ordinarily, however, point-contact 

transistors are used in switching circuits. 

The applicability of the point-contact transistor in switching circuits 

arises from the fact that the addition of resistance in the base circuit 

tnnppi (see Table 5-IV 
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The general form of the results that exist is illustrated in Fig. 14-44 

", hlch glves both the ba sic circuit and the negative-input-resistance 
characteristic. 

Suppose now that the circuit is connected as shown in Fig. 14-45a. 
ie situation now has the form illustrated in Fig. 14-4.51). This figure 
s lows a value of emitter bias E c , and load resistance R,. such that there 
are three possible equilibrium values of emitter current and potential. 
Actually only points a and c are stable, being either cutoff (in region I) 



Ie- 

r \ 


/ 

+ 

x 


/ 

E e 

s 

J - 

L +1 

-E cc ' 


%R b 

Region I 



Cut-off 1 



Valley 

Region HI 


Active I Saturation 


Fig. 14-44. Emitter negative-resistance characteristic. 



---~ V* * VVJU.I VII1V1IVU. 

at a oi at a saturation value at r ttt\ tt < i 1 • i • i • 

. , „ 111 c (region III). If stable equilibrium 

exists at a a small positive pulse will be enough to switch the circuit to e 
and a smal negative pulse will cause the circuit to switch back to a . 
Cleailj too ugh or too low a value of E ee will raise or lower the R, 

, .. la 1 ’’Aeiset ts at only a single point, and no switching will 

be possible, as only a single equilibrium current exists. Likewise, if R, 
ge 1 ant e negati\e lesistance, the load line will intersect at only 
one poin \\i sta ) e operation. It is important therefore that both E ce 
an T , * , C , CaiC U ^ c ^Oben if bistable (trigger) operation is desired. 

G a . ° a ca P ac ^ or to the basic trigger circuit leads to either 

monos a 4 e (gate) 02 astable (free-running) operation. The several 
situations are illustrated in Fig. 14 . 4 ^ 

It is of some interest to analyze the circuit of the astable negative- 

esis ance mu ti\ibiator. lo do this, one makes the following assump- 
tions , 6 as indicated on Fig. 14-4G- 


1 
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Fig. 14-46. Monostable and astable characteristics. 

a. The transition along 1 from low-current to high-current negative- 
resistance region is instantaneous, resulting in zero rise time. 

b. Transition along 3 is instantaneous, with zero fall time. 

c. Emitter negative-resistance 


characteristic curve is linear along 
curves 2 and 4. 

Under these assumptions the 
equivalent circuit for Fig. 14-4Gc 
becomes that illustrated in Fig. 
14-47, where R in is the emitter- 
ground resistance corresponding, 




Eee 1 C 

+ T 

) 

T 


■m 


e e (t) 


Fig. 14-47. The equivalent circuit of the 
emitter negative-resistance astable cir¬ 
cuit or multivibrator. 


respectively, to the regions 2 and 4. E z is the d-c component of potential 
and corresponds to E ev o for curve 2 and h, p for curve 4. 

The loop equations for the network are, in operational form, 

E ee — i\Re + — (fl _ U) 


Cp 


1 


(14-51) 


Ez = ~Sp ^ ~~ ^ “ iiR 


in 


The solution of these equations is the expression 

__ Rx ~~ ) e -pt l ~ M _ e -0t\ 

- R in + R. + R in U ’ 

where E(0+) is the initial potential on the capacitor and 

Re “I" R 


1 * 2(0 


(14-52) 



in 


RMinC 




(14-53) 
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The instantaneous emitter potential is then 


e e (t) = E x - UR in 

= E x + [E( 0+) - 


Solving for t gives 


A 7 — i 1 

EJe-v + Es r - ij A (i 

ti c T tiin 


- e-*) (14-54) 


(14-55) 


/ = \ log, iJK'lt' + E"Ru) (u w 

is e c {l)(R e + A>,„) - {E X R C '+ E cc I t~r (14_55 

This is the time foi the potential across the capacitor to change from one 

muting value to another. Specifically, in region 4, the low-current 
region e c (() varies from E„ to E cp , and 


£( 0 +) 

e,(t) 


and Ecp (14-56) yields 


E x = E c 


(14-56) 


U = 1 loir. E A R <_±_ Rm) ~ (E cp R c + E"Rin,) 
01 EM + R inl ) - (E cp R r + E cc R inl ) 


(14-57) 


(14-59) 


Trigger 


Likewise in the high-current region 2, e c {t) varies between E rp and E„, and 
# (0 + ) L ep ; e c (t) - E cv ; E x = E cv0 ; and Eq. (14-56) yields 

L = - lno-_ Etp{R € + R inh ) - ( E cv0 R c + E ec R lnh ) 

& VMM; ph ) - (EM + EM (14 ' 58) 

The total period is 

t = U -f- t h (14-59) 

1 or the mono^table circuit without the capacitor, the application of a 

. trigger increases tlie effective E ee , 

e and the operating point a is raised 

Trigger ^ by raising the load line. When it 

1 _ | reaches the turning point, it would 

I u— transfer to b, with a rapid change in 

E i potential and current, if stray ca- 

e ‘o---!-pacitances are small. The capaci- 

tor potential E c cannot change 
j\ rapidly; so, instead of moving to b, 

/ \j/ | ^ moves along line 1 to the charac- 

-— teristic. (In actual practice, the 

Fig. 14-48. Idealized monostable rZ transf er to 5 does not occur, because 
laxation-circuit waveforms. of the stray capacitances.) The 

capacitor discharges along 2 to the 
second turning point, where the emitter is again short-circuited. The 

operating point snaps along 3 to intersect region I portion of the curve. 

_ * s P°i n t slowly moves along 4 back to the d-c stable operating 


Fig. 14-48. Idealized monostable re¬ 
laxation-circuit waveforms. 
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Hence, a single trigger causes a complete cycle of operation. The current 
and potential variations have the form illustrated in Fig. 14-48. Observe 
that the waveshape is not particularly good. An actual transistor mono¬ 
stable or gate circuit and its output pulse are illustrated in l ig. 14-49. 

When E ee and R c are chosen in the manner illustrated in Fig. 14-46c 
so that R c intersects the negative-resistance portion, astable or free- 
running operation results. Now C provides an a-c short circuit, so that 

paths 1 to 4 are followed continuously. 

It should be observed also from Table 5-1 that the internal impedance 

of the grounded-base connection may be made negative by including a 


-90 -45 



Proc. IRE , 24, 1597 (1952).] 

resistance in the base. The general form of the internal-impedance char¬ 
acteristics is given in Fig. 14-50. The effects of varying E cc and R t 
are illustrated in these figures in providing different-type switching 

* operations. 

The negative-resistance characteristic of the ground-emitter con- 
nection is illustrated in Fig. 14-51. Therefore this connection may also 
be used for switching operations. 

It should be noted that the foregoing circuits are temperature-sensitive, 
owing to the temperature sensitivity of point-contact transistors. The 
effect of temperature is to cause the displacement of the emitter negative- 
resistance characteristic, illustrated in Fig. 14-44, to move up or down, 
i along the potential axis. The result of such displacements can cause a 
variety of undesirable features. For example, the triggering sensitivity 
will change owing to the change of the intersection of the characteristic 
with the load line. Also, such shifts might cause what is known as 
“lockup” of bistable circuits into either the high- or low-current position 
by changing the bistable circuit into a monostable circuit. The reverse 
process may also happen. 

The foregoing temperature dependence can be largely removed by con- 
u ecting two point-contact transistors in a back-to-back scheme. The 
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Fig. 14-50. Collector connection switching circuits. 


1-E 


+ 




Bis table 



essential feature of this back-to-back scheme when used in a monostable 
connection is illustrated in Fig. 14-52, for the proper choice of circuit 
parameters. With this connection, whenever transistor Tl is in an “off" 
state, T 2 is in its “on” condition, as at the stable point b; and when Tl 
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of circuit over the more usual single-transistor arrangement are its speed 
of operation and ease of triggering at high rates. The complete schematic 
diagram of one possible arrangement is given in I ig. 14-53. Isolating 
crystal diodes are used. The circuit responds to positive triggering 

pulses. 



Fig. 14-52. The combined negative-resistance characteristic of the back-to-back con 
nection of point-contact transistors. 



Fig. 14-53. The circuit diagram of a stabilized back-to-back trigger circuit. 

14-13. Scaling Circuits. St aling circuits may be constructed by form¬ 
ing a cascaded group of scale-of-2 circuits, 7 the results being scale-of-4, 
■ { scale-of-8, scale-of-16, scale-of-32, scale-of-G4 circuits, or, in general, a 
count of 2 n for n stages. Circuits which include feedback are possible to 
yield scale-of-5, 8 scale-of-G, 9 scale-of-10 circuits, 10 and others. These 
scalers use the basic trigger circuit but provide for forced resetting at a 
specified count. 

To examine 11 in a general way the effect of feedback in cascaded trig¬ 
ger pairs, consider the system illustrated in Fig. 14-54. This system may 

* This method of stabilization and the circuit illustrated were provided by James 
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be extended to any similar form, as desired. As illustrated, the outputs 
of the respective stages are denoted N h N 2 , N 3t and N 4 , with N in denot¬ 
ing the number of input pulses. The input to the pair designated PI is 
written directly as N + N 3 . The output of PI is 

N, = y 2 {N in + N 3 ) 

Similarly 

A r 2 = 1 A{N l + N 4 ) 

A '3 = y 2 (N 2 + N t ) 

N< = y 2 N 3 

The count-down ratio is N in /N 4 and may be obtained by solving the fore¬ 
going relationships. By writing the equations as 


2A r 1 - N, = N ln 

^ 1 2At 2 -f- A 4 = 0 

N 2 - 2A r 3 + = 0 

N 3 - 2N 4 = 0 

from which, by determinantal methods, 



the count-down ratio becomes, for this case, 

Count-down ratio = ^ = 8 (14-60) 

N 4 

If in the circuit of Fig. 14-54 the feedback line marked N 3 is removed, it 
can e s io\\ n > the foregoing methods that the count-down ratio is 10 . 


"in 


"l 


N 2 * 


N* 


N. 






Fig. 14-54. Feedback in a four-stage triggered pair. 

This is a desiiable choice, since a decade scaler system results. It shoul 
e note that this is not the only choice that yields a scale-of -10 circuii 

P^l po omitting the N 4 line to P2, by providing P2-PS an< 
- 4-P2 feedback lines, or hv nrmn'Wirur pq pi do do t —j 
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scale-of-10 circuits result. From practical considerations some of these 
possibilities must be avoided, owing to the complexity that results when 

an attempt is made to construct the circuit. 

A circuit which fits the mathematical description for a feedback line 
from P2 to PS is given in Fig. 14-55. In this circuit the grids of T 4 and 
T6 are at a high potential, that is, T4 and T G are conducting when F8 
fires, so that the second and third trigger pairs are fired again by the firing 


of ^8. . , , « 

To note the character of the operation, suppose that at the outset tubes 

T2, T4, 7'6, TS are conducting. With the application of a series of pulses 



4 

Fig. 14-55. Schematic diagram of a scaler for the block system of Fig. 14-54. 


to the input, ordinary binary operation takes place until the sixteenth 
pulse. At this time TS is turned off, and the positive pulse from the out¬ 
put of TS triggers the second and third pairs again. Thus after the 
sixteenth pulse the system is in the same state as it was after the sixth 
pulse. The continued application of pulses to the input causes the system 
to operate between state G and state 16, with 1 output pulse for each 
10 applied to the input. The reset arrangement can produce any initial 
state between 1 and 16, the arrangement shown providing a reset to 
state 6, thereby providing truly decade operation. The system operation 
is shown graphically in Fig. 14-56, which gives the waveforms at the input 
and the plate of T2, T4, T6, TS. 

It must be noted that not all circuits may satisfy the requisite condi- 


490 


ELEC I RON-TUBE CIRCUITS 


[Chap. 14 

i'llustrated*^ in Fi^ 14-57*"*• ° n6 SUch “ “ 

HaS T bCen < ! CSC, ' ibcd Which utilizes 110 d ^ect feedback to 

the eonnt f \“ cIectroni(,all y itched gate is used to reset 
counter at the appropriate point in the counting sequence. This 
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14-56. The waveforms in the circuit of Fig. 14-55 



Fig. 14-57. A decade senior pa 
recycling at the count of 10 St,ng of a conventional trigger circuit with forced 


1 mf nge t at t f le e ^hth pulse flips the third binary pair in the 

n 111 * uni ^*P S a Sate control binary which gates an ampli- 

er. e ga e amplifier feeds the tenth pulse to the gate control 

inary, resetting the decade and producing the output pulse. 

^ tn f. coun er c uits have also been devised to allow a count-down 
opera ion. - lock diagram showing the general features of a ring 

in^H 1 /! ro 1S ca P a ^ e operating with as many as 50 stages, is given 

som ^ °/ ^ 1C ^ u ^ ses are continuously into all stages, which are 

ome iorm of a trigger oair. Si innOQP fll 53 f t llO PirPinf ic onnk f k n 4* 4k a G ref 


J 
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pulse causes the left tube of pair PI to conduct, all other left stages being 
in the nonconducting state. When PI is switched, this causes the left of 
P2 to conduct. The next pulse will affect oidy PI, causing the output 
from this pair to switch P3. In this way, each input pulse causes the 
next pair in line to conduct. Thus the switched pair progresses succes¬ 
sively down the string of stages, each pair producing a count-down of 1. 
The output is taken from the end of the string, the stage which returns 
the system to the original state. Clearly, any desired count-down ratio 
is possible, simply by incorporating the requisite number of pairs in the 


ring. 



Fig. 14-58. Block diagram of a conventional ring counter. 



Negative input 
trigger 


Fig. 14-59. The essentials of a closed ring counter system. 

The pulse from each preceding stage which serves to flip a given stage 
over from its normal state will arrive at the stage almost simultaneously 
with the regular input pulse which tends to keep the stage in its normal 
J state. If the regular input pulses are short enough and if the time con¬ 
stants of the stages are long enough, then the flipping-action pulse may be 
delayed until the regular input pulse has passed, and satisfactory opera¬ 
tion is possible. 

The essential features of a five-trigger-pair ring circuit is given 11 in 
Fig. 14-59, although the feedback networks, the coupling systems, and the 
cathode circuits are omitted. Suppose that the reset causes the right- 
hand tube of all but the last stage to conduct. The first negative input 

since all other grids are negative. The output 
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[he^emaindTr triggerS ^ n<3Xt Stage (pair 1 in this case )> 

remaindei of the system remaining stable and unchanged The next 

SKL-zr atfccl °'" yP1 ' "''“ ch '« 

The outnnt "i!t * p, '°f 1 ref f ng ° f the pulse from one P air to the next. 

in ^the pSenHale. ^ ^ fr0m ** tabe of 

Dr( tl"™" f T llC -° f - 5 Pen f tode drcuit whicb Produces a succession of pulse 

meaUS gnd ’ POte,ltial C0,ltrol ^ switching is given 


Output 


Input 



F,G - 14 - C °- The Gcnc^T^7^ a , c . of . 5 rircuit 


ing desired coum i ‘" l<IUes llave al so been employed as a means of arhiev- 
hol-exer ' Clrcults - U These circuits will not be discussed, 


Pulse Generptnrc 74 . * i* 

between a narrow gate and a nuT, r ^ T P ° SSib '® t0 distin « ui f 
^nprntoil in ih ‘ ‘ P u * se > particularly since the two may be 

but one i h n T C T n,Wr - A shar P distinction is hardly necessary, 

mate purpose of the signal A ^ f them ° n the baS ‘ S ° f the ulti ' 
based on the time duration of' m”^ dlSt,ngulshin S feature mi S ht be 
methods available for generating 

sharp rise and fall which are nof t t7, narr ° W PU ‘ SeS "? reasonabl y 

not always necessary that 5U,table for generating wider gates. It is 
nnnliuofinnc • ~ P u l* se be rectangular, although certain 

narrow root SUf 1 a pulse - Several methods for generating such 

. ’ ail " u ai P llJ scs will be considered. These methods fall into 

o geneia ( asses. In one, tube circuits are employed, and these may 
r>e gas i t or vacuum tubes, with provision for damping to keep the 

or U r,rr V * an lectan g u ! ar * In another type, artificial transmission 
a i , se orming mes are used to control the duration of the pulse and 

also to effect a rectangular shape. 


1 

i 


r 
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A simple circuit for generating pulses incorporates an oscillatory circuit 
between the plate and cathode of a thyratron. Such a circuit is given in 
Fig. 14-G1. It is the function of the oscillatory circuit when shock-excited 
to cause the plate potential to fall below that required to maintain the 
discharge of the thyratron, once it has been fired. The pulses so gener¬ 
ated are not rectangular in shape 
but are acceptable for some types 
of service. 

Simple RLC ringing or pulse cir¬ 
cuits using hard tubes are also 
possible. Such a circuit which in¬ 
corporates the tank circuit in the 
cathode circuit is illustrated in 
Fig. 14-62. The output from this 

circuit in the absence of the damp- 
ing diode T2 is a train of damped oscillations which terminates rapidly 

at the end of the input pulse, owing to the damping of the beam resist¬ 
ance of Tl. The use of the damping diode removes almost all but the 
first half cycle. In many cases the diode may be replaced by a resistor 



Fig. 14-61. A thyratron pulse generator 
with an oscillatory extinguishing circuit. 



Fig. 14-62. A simple ringing pulse-generator circuit. 



Fig. 14-63. A simple RLC ringing circuit. 


of a resistance which is chosen to produce nearly critical damping when 
the tube is cut off. 

A comparable RLC peaker with the tuned circuit in the plate lead is 
illustrated in Fig. 14-63. Here, as in the foregoing circuit, a damping 
resistance which is chosen to damp critically the tuned circuit, or a damp- 

>f oscillations. 
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1'iKurc 14-04 shows a circuit for generating narrow rectangular pulses 
ranging from less than 1 M scc duration to perhaps 10 or 20 M sec duration, 
n the circuit an 884 thyratron with its ionization time of approximately 
1° sec is used to generate the pulse, the trailing edge of which is con¬ 
trolled by a second thyratron. The output pulse from such a circuit has 
relatively sharp sides. 

Suppose that the 884 has been triggered by the application of a positive 
triggering pulse to the grid. This causes the 884 to conduct, and the 
potential that appears across the 0.00 l-„f capacitor from plate to ground, 
css t le diop in tlie 881, appears across the cathode resistor, capacitor, 



anu ne zuou clipper thyratron. Note that the 200-kilohm plate resistor 
ant ie mo o mi cathode resistor are so large that a continuous dis¬ 
charge through the 881 cannot be sustained and that the energy of the 
I u se must be .supplied from the 0.001- M f capacitor. Clearly, for different 

rciiuhed" 8 1S ' d " t,C " t l ' ap:K ' itaiK ' c plate-ground capacitors will be 

881 has been fired, the potential on the plate of the 2050 
increases to some positive value, and if the energy in the pulse is small 

compare c \w i t mt on the plate capacitor, the 2050 plate potential 

and the eon. T Owing to the /{(' circuits between the plate 

be tin m g 'r ;‘" d ,h< ‘ Rnd and the cathode of the 2050, there will 
normal V ? ''', C ' * 1,e Rrid-cathode potential increases from the 

° * L W " r' , " , g. valu< ' of - 15 volts, determined by the potential 
zero notr r'7" ' lo(, ‘ volt source and ground, to the approximately 

troll P | 1C< ,' U " VI fo1 ’ ,h<> to fire. The time duration is con- 

9n _n f . . K a J"■'’table 1-megohm resistor in the circuit. Once the 

„ ° . ,US ’- 16 Ca< KK 0 <4 'l’ 0 ^84 is effectively short-circuited to ground, 

nis animating tme output pulse. Of course, the 2050 continues to con- 

uct until enough of the charge lias leaked off the capacitor in the 

circuit for the potential across the 2050 to fall below that required 
tor maintaining (he discharge. 

Aluud tube ciicuit lor the generation of pulses of short duration 13 is 
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illustrated in Fig. 14-65. This is essentially . 

With the application - • 

gering pulse, T1 goes off, causing the suppressor pofent.al ^ to ^ 

with a consequent plate conduction and the inception oi the Miller 


Trljc/ 


er 


T 



R 
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Fir;. 14-05. A hard-tube short-pulse generator 


I w 
/ 


in T3, with its linearizing influence on the plate-potential decay- The 
increasing plate current results in a decreasing screen current and a rising 
screen potential. The rising screen potential, which appears on the gri 
of T2 maintains T2 in the conducting state. This situation remains 
until the regenerative action in T3 ceases, and this is dictated by the 
Miller circuit time constant and the suppressor-circuit time constant. 

When the flyback sequence occurs, T 2 
is turned off and the circuit is back 
in its original state. By the proper 
choice of parameters, pulses in the 
range from 0.7 to 12.8 mscc, with 
good rise and fall times, have been 
generated. 

The use of a blocking oscillator 
• which is biased normally off, and \vhich 
is triggered as desired, will yield 
pulses which are often suitable for 

some services. Such a circuit, which provides for an adjustable pulse 


r 



Fir,. 14-66. A triggered blocking oscil¬ 
lator for pulse generation. 


WVl V IVVOt ' . , 1 

width, is given in Fig. 14-66. This type of circuit is incorporated m the 

linear sweep delay circuit given in Fig. 14-35. 

14-16. Line-controlled Pulse Generators. The use of artificial trans¬ 
mission lines in the formation of short rectangular pulses has become 
read in recent years. The basic circuit is shown in Fig. 14-67. 
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I he line is considered to consist of a sufficient number of sections so that 
it closely approximates a continuous transmission line. One end of the 
line is open-circuited; a resistance R 0 equal to the characteristic imped- 
ance of the line Z 0 = y/L/C is connected across the other end. The line 
is initially charged by means of the battery, and hence all capacitors are 
charged to full battery potential. When the switch is closed, one half of 



--_ jC 




c_ 

2 


R 


Fig. 14-67. The basic circuit incorporating a pulse-forming line 




thn't ii^ori^innu .^i° tTa '’ e ^ n ? potential wave on an open-circuited transmission lino 
function of time ° larget * anc is * )c * n 8 discharged. ( b) The waveshape across Ro as a 

the battery potential appears across the terminating resistance Ro and the 
remammg half ot the potential traverses the line as a potential wave. 

le w av e front is delayed T = y/LC sec for each section through which it 
passes. . s it piogiesses down the line, the potential wave removes one- 
hall of the potential present across the line. When it reaches the end of 
the line, the wave encounters the open circuit and is reflected without 
change of polarity. The remaining potential on the line is then pro¬ 
gressively removed as the wave returns toward the starting point. When 
the wave front reaches the starting point, it cancels the potential across 
the resistance Il 0 and the entire system comes to rest. In traversing the 
line forward and backward, the occupied time is 

T = 2 N y/LC sec (14-61) 

where N is the number of sections. 
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The sequence of events is illustrated in the schematic of Fig. 14-68, 
which shows the potential distribution on the line at various times during 
the existence of the running wave. As a result of the sequence of actions, 
a potential pulse appears across the resistor Ro. When the switch is 
closed the potential instantaneously assumes a value equal to one-halt 
of the applied potential. This potential persists until the potential wave 
has traversed the line and returned to Ro, and it thereupon drops to zero 


suddenly. „ „ . , 

The circuit provides a very simple method of forming a rectangulai 

pulse of controllable length, provided that the pulse length is short enough 



Fig. 14-70. A line-controlled thyratron pulse generator. 


to be obtained in an artificial line of practical dimensions. The practical 
* difficulty that might be encountered in such a pulse-forming circuit is the 
' number of sections required to approximate a continuous transmission 
line. Each section introduces a small deviation in the flat top of the 
pulse. If the top is to be essentially flat, a large number of sections 

t should be used. 

j: The Guillemin line is a network which simulates the section of a trans- 

t mission line which is open-circuited at the far end. A circuit of this line 
if is given in Fig. 14-69. This network is a closer approximation to the con¬ 
it « tinuous transmission line than a simple line of an equal number of sec- 
/ tions. Several typical line-controlled pulse circuits are given below. 

Figure 14-70 is essentially the circuit of Fig. 14-61, except that the pulse 
j duration is controlled by the “length” of the line in the plate circuit, the 
thyratron being extinguished when the plate potential falls to zero. 

In the circuit of Fig. 14-71 a line is added to the grid circuit of a blocking 
oscillator to control the duration of the pulse. In this circuit the trigger¬ 
ing pulse is applied to the artificial line and is followed immediately 
_ thereafter by the beginning of the rectangular wave. The potential \\ ave 


f 
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chanl of ° f the Hne and then is re ^ ec ted back without 

grid Dotlt 'vave front reaches the input end, the positive 

zero Th ^ th ° H " e ’ reduci "S the input potential to 

thus vJ f g^d-cathode potential to be driven below cutoff, 

thus yielding a sharp pulse in the output of the circuit. 

tube oqYf mC ma *^\^ S °, ^ use< ^ as ^ le cathode impedance in an amplifier 

he foL V tI! r 14 " 72 - ThC 0perati011 of this Circuit is essentially 
the following: Ihe sharp rise at the beginning of the applied gate to the 


_L 



JT 



Fir, 14-71. A line-controlled blocking 
oscillator. H 

line in the cathode circuit. 

current me ^ E , corrcs P°nding sharp increase in the plat 

cunent. This causes a cathode-round nnt.nfiui J n m 


--*- 1 

^ IG * 1-1-72. A pulse generator with the 
line in the cathode circuit. 


current t» 1 V. , corresponding sharp increase in the plat 

ceT„w,7 .1 * ““"’“'-S'ound potential wave, which then p» 

S te™in., t U Tr mm . "" ich *> —"Mr open-circuited, a 

istic impedance of The hne Vs than th ° character 

cathode to ground. The potentf ir* Y t0 ™ mplcte the d -° path fr °“ 
and retraces its path back alonl th 1™'’® 1 *!' cflected from the °P en cad 

input end adds to the applied n^t T , T,u s reflected potential at the 

potential to reach a value d a to cause the cathode-ground 

increase in tho i nearly twice the initial potential. This 

cut off thus term' 10 e ~ gl ° unel Potential is enough to cause the tube to 
cut on, tnus terminating the pulse. 
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PROBLEMS 


14-1. A 6SN7 tube is to be used to produce a positive rectangular gate of 
108 Msec duration. The pulse repetition frequency is 400 per second. The gate 
is driven by a negative trigger pulse, and the positive gate is to begin at the tune 

“ '£ »C„ a ..... Mica.. ... *. ,h. 1.™.,. .. 

which the negative trigger is applied, the terminals from which the gate is taken, 

and the circuit elements which determine the length of the gate. 

„ b. One grid should be returned to B + , and the other to ground Give reasons 
* c. Calculate the coupling capacitor connected to the grid of tube T 1. Use 

the following data: 





Section 1 

Section 2 


Grid to B + 

Grid to ground 

F,, .! 

300 volts 

300 volts 


0.5 megohm 

1 megohm 


20 kilohms 

30 kilohms 


j 20 

20 


500 ohms 

500 ohms 

Static ?& when e c = 0. 

1 10 kilohms 

10 kilohms 


14-2. Refer to the following circuit. Prove that if R\C\ — R 2 C 2 there is 
attenuation but no distortion. (A somewhat similar circuit will be found of 
importance for current sources; see Prob. 16-7.) 




14-3. a. A gate circuit using a 6SX7 tube in the circuit of Fig. 14-5 is triggered 
at 1,000 per second. Specify the parameters to yield a gate having a duration of 

650 pisec and 200 volts high. 

b. Repeat (a) if the gate width is to be 950 /xsec long. 

14-4. a. Calculate the recharging time constant of the capacitor C in the 

cathode-coupled delay gate. . 

6 . To what value does e c2 jump when the circuit recovers, i.e., what is the 

value of at point A of Fig. 14-13? 
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14-5 Ca rry out the analysis that leads to Eq. (14-15) for the duration of the 
gate of Fig. 14-12. 

14-6. The circuit shown in the diagram is to be designed to give a pulse output 
of 100 /isec width. Assume the following: 


6SN7 tube; E» = 250 volts 
r c = 1 kilohm when e c = 0 or positive 
= 10 kilohms when e c = 0 or positive 
E o = — 10 volts 
Trigger prf = 400 cps 

,, a ; £° r .°l )era ^ on un( l er these conditions, what limits are imposed on the values 
that E might assume? 

b. Calculate the value of the coupling capacitor C. 



14-7. The circuit of Fig. 14-18 uses a 6SN7 tube and is supplied from a 300-volt 

regulated power supply. Suppose that the bias potential E can be varied over 
the limits from 20 to 65 volts. 

a Are the approximations in Eqs. (14-26) satisfied over this potential range? 

* ^aleulate the duration of the gate at each limiting value. The plate current 
is re a e o the tube potentials by the approximate expression 


lb ~ 9 *1 x 10 r °(cb + 20e c ) amp ±10% 

^ erive ex P ression for the recharge of the capacitor in the Miller inte- 
gra or o ig. 14-^0 w hen the suppressor pulse is removed and the plate current of 
the pentode is again cut off. 

14-9. Consider a 6SN7 tube in the circuit of Fig. 14-36, with the following 
parameters : = 250 volts; R lx = R l2 = 20 kilohms; R, = R 2 = 1 megohm; and 

f i! • x“t \ mego , hr P; De termine the range of potentials for which the 
following tabulation holds: 


T) 

T2 

Ecc 

Full on 

Full on 


Full on 

Part on 


Full on 

Cut off 


Part on 

Cut off 


Cut off 

Cut off 





j? D° ns jder the basic Eccles-Jordan trigger circuit of Fig. 14-36. Suppose 

F Z Inn = kilohms i Ri = = 400 kilohms; R gl = R o2 = 0.5 megohm; 

* **. _ } cuts; E cc = —75 volts. Calculate the tube currents when the system* 
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14-11. Suppose that Em = 250 volts in the circuit of Fig. 14-41. Calculate the 

tube currents when the system is in one of its stable states. 

14-12. Specify the parameters of the trigger circuit of Fig. 14-41 using a 6SN / 
tube to yield a 100-volt swing. Assume Em = 250 volts; cutoff grid at —25 volts, 

full on at zero grid volts. 

14-13. The Schmitt trigger circuit* is illustrated. Discuss the operation of this 
circuit, with consideration of (a) choice of circuit parameters, (6) polarity of 
triggering pulses. - , | > 

C f. 

,• 7 U ■' 



( 1 




14-14. Estimate the minimum value of C that is required in Fig. 14-61 in order 
that the thyratron cuts off at the peak of the pulse. Choose the sustaining 
potential of the thyratron at 16 volts. For a capacitance twice this minimum 
value, estimate the duration of the first pulse. Choose Em = 250 volts. 

14-15. o. The circuit illustrated incorporates a pentode which is nominally 
biased beyond cutoff. The input to the grid or the suppressor turns the tube on. 
Show that the output has the formf 

2IRMe~ w sin (V - M 2 )t 

{ 6 = y/N - M 2 

where M = \$CR\ N = \/LC, R = pa rallel com bination of r p and R h and that 

the time for a half cycle is to = 7r/2 y/ N — M 2 . 

6. Show that the peak potential of the output is 


£p©iik 


(L/C) 


e ~r/\Q 




• 0. H. Schmitt, J. Sci. Instr., 16, 24 (1938). 

12. 215 (1951 
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14 ' 16, The variable resistance of the pulse circuit of Fie. 14-64 is set at 05 
F,I S = '300 volts'”^ 6 the duration of the pulse generated by the circuit. Choose 

lengths 7 ' £ CirC M t Sh ° wn ™ ay , b ? US6d t0 produce pulRes of different pulse 

front eiiee a , le ° pen **'° n *he circuit, with specific consideration to the 

lront edge and back edge of the output pulse. 



as 


sho\vn c * rcu ^ which will provide the several outputs 

shown on the accompanying time diagram. 





b Show °[ a ^ rc uit that will satisfy the requirements, 

to beused com l :) e e circuit diagram. Do not evaluate the circuit elements 

All times are given in microseconds. 

tnTut ^ Un ^ amen ^ a ^ problem in the design of a tuned pulse-forming net- 

j erinine a network composed of but few circuit elements which will 

o i. a c oseI >' rectangular wave of current when excited with a unit 

il n la ^ rec tangular wave may be represented by a Fourier series, 

the first five terms of which have the form ‘ 
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Calculate the values of the coefficients a n . Plot the resulting curve represented 
by these results, and compare with the results for which 

a, = 1.2575 a 3 = 0.3725 n 5 = 0.1735 
a 7 = 0.08315 a 9 = 0.02777 

14-20. The diagram for this problem shows the actual circuit of the pulse¬ 
forming stage of a pulse modulator. Calculate the width and amplitude of the 
generated pulse. 

+400\vo!ts 

200k n k- O.Smh ->k- 1™^ 


X. 



U<- !mh - 



^Output 


2.5kn 


70 


1/00 VOO 


’00 VOO 


14-21. The experimentally obtained emitter negative-resistance characteristic 
of an M-1689 point-contact transistor with the associated circuit is illustrated.* 
a. Over what limiting values of R e is an astable (free-running) circuit possible? 
5. For the value R e = 500 kilohms, C = 0.01 /xf, evaluate the total period of 
oscillation. 



4 


Ie 



19,000/1 




CHAPTER 15 


SAW-TOOTH SWEEP GENERATORS 


The function of the sweep circuit in a cathode-ray tube is to cause the 
luminous spot that results from the impact of the electron beam on the 
fluorescent screen phosphor to move across the screen with a known 
velocity, whether it be constant or whether it be varying in some definite 
way with respect to time (see Chap. 1 for an analytical discussion of the 
mechanics of electron-beam deflection). The proper selection of the form 
of the sweep is most important, since otherwise a relatively simple inves¬ 
tigation may prove to be almost impossible. If, for example, it is desired 
to examine the shape of a periodically recurring wave, a sweep circuit 
that is proportional to the time would normally be desired. Such a lin¬ 
ear sweep might not be appropriate in some application where a sweep 
that is proportional to some other quantity might be indicated. 

The problems which arise in producing sweep circuits for electrostatic 
cathode-ray tubes are quite different from those which arise in produc¬ 
ing the sweep circuits for electromagnetic-type tubes. This chapter will 
consider the problems which arise in the generation of sweeps for elec¬ 
trostatic-type tubes; the following chapter will consider the problems ^ 
arising in the generation of magnetic and other sweeps. 

16-1. Simple Saw-tooth Sweep. One of the most common sweep 
requirements is for a repetitive trace along a straight line. Owing to the 

dimensional limitations of the 
cathode-ray tube screen, the wave¬ 
form required to produce it is of 



Time of trace 4*-r-*| 

Flyback iime 

Fig. 15-1. A simple saw-tooth sweep. 


the saw-tooth form, as shown in 
Fig. 15-1. The waveform illus¬ 
trated is the ideal, since it varies 
linearly with time, but, following 
standard practice, no attempt is 
made to linearize the flyback por¬ 


tion of the wave. With the waveform shown, the electron spot moves 
across the tube face with a uniform velocity and with a speed depending 
upon the slope of the curve. The spot is caused to return to the starting 
point very rapidly, and ordinarily it is not seen, or, at worst, its brilliancy 
is much reduced over that of the writing portion of the C3 r cle. 
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The ideal saw tooth illustrated is not easily obtained by direct means, 
and various methods have been employed to linearize or to compensate 
nonlinear waves. The details of such circuits will be examined below. 

15-2. Capacitive Sweep Circuits. Many of the more common circuits 
employ the changing potential across a capacitor upon the application of 
a constant source of potential across a 
series resistor and capacitor combina¬ 
tion. These circuits usually employ 
separate charging and discharging cir¬ 
cuits in order that the retrace or fly¬ 
back time may be made much shorter 
than the writing time. Ordinarily the 

charging circuit is permitted to func- 
tion continuously, the rapid discharge being accomplished by a rapi y 
acting switching circuit. The basic form of such a circuit is shown in 

F *The 5 potential across the capacitor in the circuit shown follows the form 



Fig. 15-2. The elements of a switch¬ 
ing circuit for producing a saw-tooth 
wave. 


e = E bb { 1 - e- t/RC ) 


(15-1) 


where E bb is the potential applied to the RC combination, t is the time in 

seconds, C is the capacitance in farads, 

and R is the resistance in ohms. For 
a short time after the application of 
the potential E w,, the potential increase 
across the capacitor will be reasonably 
linear with time. For example, for a 
time equal to one-fifth the time con¬ 
stant of the circuit, the potential in¬ 
crease will be linear within about 10 


4 

/ 


E bb 


AAAAAA/. 


Fig. 15-3. Achieving a linear saw 
tooth from an RC circuit. 

per cent. If the switching is properly timed, a reasonably satisfactory 

wave, of the form illustrated in Fig. 15-3, is possible. 

One of the earliest and probably one of the simplest capacitive saw¬ 
tooth generators utilizes a glow-dis¬ 
charge tube as the switch in the circuit 
of Fig. 15-2. The circuit of this saw¬ 
tooth generator is given in Fig. 15-4. 

Suppose that the capacitor is initially 
uncharged when the switch is closed. 

The potential across the capacitor 
will increase according to Eq. (15-1). 


yvwvw 

R ‘ 



Fig. 15-4. A saw-tooth generator 
using a glow-discharge tube. 


win increase accorumg juq. v AO 

When e c equals the breakdown potential of the glow tube E d% charge will 
flow through the tube from the capacitor. This discharge is accompanied 
by a rapidly failing capacitor potential. W hen the potential aci oss the 
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capacitor falls below the extinction potential E e of the glow tube, the dis¬ 
charge ceases. The discharge current is high since it is limited only by the 
resistance and inductance of the leads that connect the capacitor to the 
glow tube, and the discharge time is very small. 

Once the tube becomes extinguished, the capacitor immediately begins 
to recharge. W hen the potential across tlie capacitor again reaches the 
discharge Ed, the tube will again break down and conduction will con¬ 
tinue until the capacitor potential 


/1/VV1 


rm 


(a) (b) 

Fig. 15-5. The waveshape of the output 
in a simple glow-tube sweep generator. 
Curve a is for a supply potential of GOO 
volts; curve b is for a supply potential 
of 135 volts. The amplitude of oscilla¬ 
tion is the same in both cases. 


again falls to E c , when the process 
repeats itself. This process is peri¬ 
odic and results in oscillations that 
have a period T equal to the time 
required for the capacitor to charge 
from the potential E c to Ed and then 
discharge to E c . The expression 
governing the process is found from 
Kq. (15-1) to be 

- Ee (15-2) 


T = RC log. E P -7,' 

l'jbb — 


The amplitude of the oscillation equals the potential difference Ed ~~ Ee- 
Such simple glow-tube circuits may be used for frequencies of 1 cycle 
every few minutes to frequencies well up in the a-f range. 

I he waveshape of the resulting saw tooth is dependent upon the mag¬ 
nitude of the supply source E bb . The use of a VR-90, for which E d 
equals appioximatelv 120 volts and for which E c equals 85 volts approxi¬ 
mately, and a 000-volt supply yield a wave that is approximately tri¬ 
angular, as shown in Tig. 15-5a. The same circuit when used on a 


135-volt supply yields the curved 
waveform of Fig. 15-56. 

15-3. Thyratron Sweep Gener¬ 
ators. Tv o obvious shortcomings 
of the simple glow-tube sweep gen¬ 
erator are (1) that high potentials 
must be used in order to obtain 
relatively linear saw-tooth waves 
and (2) that the amplitude of the 


To CUT 



R 


f cc 




Fig. 15-6. A saw-tooth generator em 
ploying a thyratron. 


output wave is relatively small. The use of a thyratron as a switch allows 
reasonable flexibility in control of the period of oscillation and also in the 
amplitude of the saw-tooth wave so generated. The circuit of a potential 
sav r -tooth generator employing an 884 thyratron in such a relaxation cir¬ 
cuit is given in Fig. 15-6. In this circuit R 0 is a protective resistor in the 
grid circuit, and if is a protective current-limiting resistor in the plate cir¬ 
cuit. R is made as small ns nrv-ssihl** 
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rating in order that the capacitor may discharge very quickly through the 


tU To understand the operation of the circuit, reference must be made to 
the critical grid curve of the thyratron, which is given in F,g. M Sup¬ 


pose that the battery potential, are set at E„ - 201 andIB, - 250 volts. 
* - ...... ii —i- a After the switch o 


pV/OV/ tilt* v -* 1 

Also suppose that the capacitor is initially uncharged, 
is closed, the potential across the capacitor Will 
increase exponentially according toEq. (15-1). 

This charging process will continue until the 
potential across the capacitor reaches approxi¬ 
mately 100 volts. At this time the tube will 
break down. Charge will leak off the capaci¬ 
tor very rapidly, and the tube will stop con¬ 
ducting when the cathode-anode potential falls 
below about 16 volts, the arc-maintaining 
potential of the tube. The capacitor will again 


1 
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B 

B 
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■ 
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B 

B 

B 

B 
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Fig. 15-7. Typical critical 
grid characteristic of an 
884 argon-filled thyratron. 


begin to charge through the local EC circuit, 
and the entire process will repeat itself. 1 he period of oscillation can be 
adjusted by varying R, C, or the potential E cc or E bi . Certain of these 

results are made evident from an inspection of Fig. lo-8. 

The oscillations of a gas-tube generator are not very stable in fre¬ 
quency The thyratron oscillator can be synchronized with a given fre¬ 
quency'by injecting a small potential of the desired frequency into the 

Ebb -Supply vo/tage 



- Firing potential (large bias) 


Firing potential (small bias) 


Time 


Deionizing potential 


Fig. 15-8. The change of amplitude and frequency of a thyratron saw-tooth generator 
by change of grid bias. 

grid, in precisely the same way as synchronization is achieved for a multi¬ 
vibrator or blocking oscillator (see Chap. 13). The entire synchroniza¬ 
tion process is illustrated in Fig. 15-9. The normal action of the circuit 
in the absence of any synchronizing signal is shown in Fig. 15-8 and is 
shown dotted in Fig. 15-9. Firing will normally occur at the points A, 
C, etc. Now suppose that the natural period of the circuit is adjusted 

to be slightly larger than the period of the synchronizing signal, assumed 

nf this sinusoidal svnehronizine: 
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potential on the grid is to cause the firing potential of the circuit to vary 
in accordance with this varying grid potential. At some time daring 
the synchronizing cycle the firing potential will be low (below the zero 
synchronizing potential level), and the tube will fire at point B. On the 



Fig. 15-0. Synchronizing a thyratron saw-tooth generator with a sine wave. 

next cycle the circuit is fired at point D. When the steady-state firing 
sequence is reached, the situation is essentially that illustrated. The 
period, or time per cycle, is thus reduced from AC to BD, and the cir¬ 
cuit is now synchronized, or locked, to the frequency of the injected 
potential. The circuit may be synchronized to a submultiple or a mul¬ 
tiple of the synchronizing frequency. 

16-4. Free-running Vacuum-tube Circuits. The thyratron of the 
previous section may be replaced by a vacuum tube with substantially 



the same operation. However, since a vacuum tube as such is neither 
self-triggering nor self-extinguishing, circuits must be employed which 
accomplish this action. The use of a vacuum-tube relaxation-oscillator 
circuit serves the purpose very well, and such rirrnit.s a.rp. used pvt.pn^. 
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employs a conventional plate-coupled multivibrator; one employs a cath¬ 
ode-coupled multivibrator; the third employs a blocking-oscillator circuit; 
and the fourth employs a pentode relaxation oscillator. These cir¬ 
cuits may be synchronized by injecting a synchronizing potential into 
the grid or into the cathode circuits, as already discussed in connection 
with the several oscillator circuits. Hence all the properties of the gas- 
tube relaxation circuits are also possessed by the vacuum-tube circuits. 


In addition, the hard-tube circuits 
will operate at higher frequencies 
than the gas-tube circuits. 

15-6. Triggered Sweep Circuits. 
The use of a vacuum tube as a switch 


E bb 




Fig. 15-12. The input and output po¬ 
tential waveforms in the circuit of 
Fig. 15-11. 


allows very accurate timing of the start of the sweep potential, since 
there is substantially no delay between the application of a signal on the 
grid and the consequent effect in the plate circuit. In particular, refer 
to the circuit of Fig. 15-11. In this circuit, the grid is so biased that 
the tube is conducting when no negative square wave is applied to the 
grid. The potential across the capacitor is E i, which may be equal to 
E b , if the time is sufficient for the capacitor to discharge to its mini¬ 
mum value. With the application of the negative gate, the tube ceases 
to conduct, and the potential across C begins to increase toward Ebb 
through the plate-load resistor R t and may reach the potential E 2 during 
this charging period. The situation is illustrated in Fig. 15-12. 

± Suppose that the charge-discharge cycle takes place between the limits 
Ei and E 2 , as illustrated. During the charge period, the equivalent cir¬ 
cuit is that shown in Fig. 15-13a. Figure 15-136 gives the equivalent 
circuit during the discharge period. For the situation illustrated in Fig. 
15-12, the potential variation during the charging period is governed by 
the equation 

For t over period TV e 2 — Ebb — (Ebb — E\)e~ t/RlC (15-3) 
During the discharge time, the governing equation is 
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(a.) Charge circu.t ( b ) Discharge circuit 

Fig. 15-13. Equivalent circuits of Fig. 15-11 during the charge and discharge periods. 

These expressions may be used to evaluate E x and E 2 . The results are 
obtained as follows: From Eq. (15-3), 


E 2 = E bb — (E bb - E 1 )e~ T ''*‘ c 


(15-5) 


and, from Eq. (15-4), 


Ei — E 2 e T i /r t> c 

Solve these equations simultaneously, thus: 

Ei = E bb - (E kb - E 2 c- T ' /r » c ) e -T*'Rc 


(15-6) 


from which 


and 


Kn = E bb {\ - c~ T *' R c ) 

2 1 — q-^T,/ r b C+TWR C) 


(15-7) 


V _ E bb ( 1 - er T 2 '*iC) e -T l /r k c 
1 1 — er i.T l /r b C^T z /It l C) 


(15-8) 


It is desirable that the switch tube resistance be as low as possible, 
peihaps even driving the grid positive to achieve a low value of r b . Also, 



of Fig. 15-14. 


the switching time should be long enough to allow Ei to fall to its mini¬ 
mum possible value E b . This provides the maximum possible charging 
potential. As already noted, the charging is substantially linear only if 
a small part of the charging potential excursion is utilized. 

If the tube is normally biased negatively so that there is no plate cur¬ 
rent and the charge and discharge periods are sufficiently long, then upon 
the application of a positive gate, the potential across the capacitor will 
hdMYom the value E bb to the value determined bv the drop across the 
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Fig. 15-16. Linearization of a saw¬ 
tooth wave by using a high-charging 
potential, obtained by interrupting 
the current in a large inductor. 
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tube E b and the drop across the resistor Rn, if one is used to limit the cur¬ 
rent through the tube. The generator circuit is given in Fig. 15-14, and 
the general character of the discharge curves is illustrated in Fig. 15-15. 

15-6. Linearizing Saw-tooth Waves. When a linear-sweep potential is 
necessary, the most direct recourse is to employ a high potential toward 
which the capacitor is to charge and then to use only the lower portion 
of the charging curve. An alternative and somewhat more satisfactory 
method is to replace the charging re¬ 
sistor by a pentode or other constant- 
current generator and charge the 
capacitor through this. For the ma¬ 
jority of cases, the degree of linearity 
obtainable with such a constant-cur¬ 
rent generator is usually sufficient. 

Other methods of linearizing sawtooth 
generators do exist, and these gener¬ 
ally employ one or another of the 
following methods of obtaining the 
desired compensation: (a) the inverse 
curvature of a vacuum-tube charac¬ 
teristic, (6) an auxiliary time-constant circuit, (c) feedback methods. 

Each of these methods will be considered below. 

1. Charging to a High Potential. As already pointed out, the use of a 
fraction of the charge curve will yield a substantially linear potential 
increase, particularly if the capacitor is charging to a high potential. It 
is not necessary that a high d-c potential souice be available, and the 

circuit of Fig. 15-16 illustrates the met hod 
of generating a high potential by inter¬ 
rupting the current in a large choke (of 
the order of 500 henrys). Such circuits 
have long flyback times and are limited 
to circuits having a small duty cycle (the 
ratio of the duration of the sweep to the 
sweep recurrence period). 

2. Use of Constant-current Generators. 
The use of a constant-current generator 
in place of the ordinary charging resistor 
allows a very satisfactory linear saw¬ 
tooth potential to be generated. With such a device, the capacitor charg¬ 
ing current passes through the constant-current generator, and the capaci¬ 
tor potential increases linearly with time. Figure 15-17 illustrates the 
circuit of a thyratron generator with a pentode as the constant-current 
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Fio. 15-17. A thyratron saw-tooth 
generator with a pentode charging 
circuit. 
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the bias of the pentode, since this controls the tube current and hence the 
charging rate of the capacitor. 

The circuits of Fig. 15-18 show the connections and the waveforms 
expected from a vacuum-tube circuit employing pentode charging. For 
a circuit that incorporates a triode as a constant-current generator see 
the figure of Prob. 15-7. 



Fig. 15-18. Ncgnti\e linear saw-tooth generators employing pentode constant-current 
generators for linearization. 




Fig. 15-19. A saw-tooth generator incor- Fig. 15-20. A circuit for linearizing a | 

porating pentode charging with adjusta- saw tooth by employing the curved 

ble feedback. characteristic of a vacuum-tube amplifier. ^ 

A slightly modified circuit provides pentode charging with adjustable 
feedback. In this way, any curvature that might still remain in the 
saw tooth can be compensated by controlling the feedback. This cir¬ 
cuit is illustrated in Fig. 15-19. 

3. Linearization by Means of Inverse Curvature. These methods com¬ 
pensate to a certain degree for the curvature of the charging character¬ 
istic by inserting a device having a similar but inverse characteristic. An 
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capacitor by means of a tube in such a way that the curvature of the 
tube characteristic is employed as a linearizing means. It is fortunate 
in this respect that the curvature of a part of the transfer curve of the 
tube approximates the inverse of an exponential characteristic. Such a 
circuit is illustrated in Fig. 15-20. In this circuit the output potential 
is amplified by a second tube which is operated with such a bias that the 
nonlinear operation compensates the nonlinear input. 1 he added capaci¬ 
tor C 2 is to maintain the anode potential reasonably constant during the 

discharge period of Ci- 

4 Linearization by Means of an Auxiliary Time-constant Circuit. A 
simple method that yields fairly satisfactory results modifies the exponen¬ 
tial waveform across the capacitor by the addition of an integrating cir¬ 
cuit. 1 The essentials of the circuit are illustrated in Fig. 15-21. In this 
circuit, the charging capacitor consists of two parts C, and C 2 in senes. 
These are charged together, through the resistor R i, and discharge 

through the tube. 

Assume that the capacitors C i and C 2 have just been charged, lhe 
potential across capacitor C 3 will be 
less than across C i, as C 3 charges 
through ft 2 - The potential of C 3 de¬ 
pends on the t.'me constant C 3 ft 2 and 
the length of time that C 3 is charging 
through ft 2 , and, for sufficiently long 
times, the potential across C 3 will 
approach that across C\. When the 
^ gate is applied to the grid of the 
tube, Ci and C 2 begin to discharge, 


JL 



Fig. 15-21. A circuit that employs an 
integrating network in the output to 
linearize the saw-tooth wave. 
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while the potential across C , falls more slowly owing to the large time 
constant C 3 R 2 . At the end of the gate period Ci and C 2 have been 
considerably discharged, although, owing to the long time constant, C 3 
will still retain a considerable charge. Ci and C 2 now start to charge 
once more. Capacitor C i receives charge from two sources, the B + 
supply through Ri and from C 3 through R-,. C 3 supplies charge to 
Ci until the potentials are equalized, and C 3 charges thereafter from C i. 
The potential variation across C t and C 2 is exponential, while that across 
C j is approximately parabolic. If C 2 and C 3 are properly chosen, the 
output is approximately linear. 

5. Linearization by Means of Feedback. Feedback may be used for 
improving the linearity of the output of a saw-tooth generator. Recall 
that the potential e 2 across the capacitor in the simple saw-tooth circuit 
of Fig. 15-11 is exponential because the charging current decreases owing 
to the reduction in the difference between E b * and e 2 with time. The 

_ - . 1 * • . i • 1 V. 
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the chaiging ciicuit to counterbalance the increasing potential across the 
capacitor. A circuit that accomplishes this result is illustrated in Fig. 

1 °/ j fh ! S ^ ie bootstrap circuit which was examined in consider¬ 
able detail in Sec. 14-9 as part of the linear-sweep delay circuit. 

As already discussed, 7T in this circuit is normally conducting, and the 
potential across the capacitor is E bl . With T2 absent and with the appli¬ 
cation of a negative gate to the grid of 7T, the capacitor will begin to 
c* iaigc from h bl toward E bb along an exponential curve, with a time con¬ 
stant (Ri + R 2 )C. With T2 connected as shown, and with the applica¬ 
tion of the negative gate to cut 7T off, as the potential e 2 increases, the 
potential at R k also increases, and if the gain of the cathode follower is 



-— -------- vat 

often called the “bootstrap” circuit. 


unity, the two potentials are exactly equal. Consequently, by the appli¬ 
cation of the output of the cathode follower into the circuit in such a way 
that the potential across the capacitor is just balanced by the cathode- 
follower output, i.e., the potential e A increases directly with increases in 
c 2 , then the effective potential across R 2 remains constant, with a result¬ 
ant linear saw-tooth output. The capacitance of C 2 is made sufficiently 
laige so t lat the potential across it remains substantially constant under 
normal operation. Clearly, when the potential ^ exceeds E bi , the capaci- 
tor C 2 will begin to discharge and a loss of linearity of the saw tooth will 

result, since e A will no longer be equal to e 2j owing to the change in poten¬ 
tial across C 2 . 

this effect can be laigely overcome by replacing resistor R\ by a diode, 
as shown in Fig. 15-23. Before the application of the negative gate, both 
T1 and T 3 are conducting, and e A is thereby established. With T\ cut 
off, the potential c 2 begins to rise linearly with time, as above. Now 
when the potential e A exceeds E^, the diode T3 will cut off and effec¬ 
tively decouple the circuit from the B-f- supply, thereby eliminating the 
loading on C 2 and permitting the linear variation to extend above Ebb- 

couise, the charge on C 2 now* serves to maintain the charging poten- 
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tial occurs across it during the operating period. With the presence of 
T3 a second advantage occurs during the recycling period. Although C 
discharges rapidly through T 1, C 2 would normally recharge through Iti 
and, owing to the requirement that the potential across C 2 must remain 
substantially constant during operation, the discharge and also the 
“ recharge time constant must be large. With T3 available, which closes 
to give a low impedance during recycling, C 2 will recharge rapidly. 



Fig. 15-23. The use of a diode in the plate circuit to reduce any d-c shift and to main¬ 
tain the feedback gain. 


* 


U 


Fig. 15-24. A linear saw-tooth generator with amplification before the application 
of feedback through a cathode follower. 

As discussed, the extent to which the resulting saw tooth is linear 
depends upon how closely the gain of the cathode follower approaches 
unity. Of course, if amplification is provided before applying the out¬ 
put across the capacitor C to the grid of the cathode follower, it is then 
* possible to get almost any degree of compensation. Such a circuit would 
have the form illustrated in Fig. 15-24. 

It is a disadvantage of the above circuits that the grid of the cathode 
follower is driven negatively during the flyback period. Because of the 
various stray capacitances across the output circuit, these will tend to 
delay the fall of the cathode potential, and the cathode follower may 
momentarily cut off, with a consequent poor flyback. For those appli¬ 
cations in which the duty cycle is small, the results with the circuit of 
_ Fig. 15-23 are hiahlv satisfactory. 
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15-7. Push-pull Deflection. By tying one of each pair of deflecting 
plates in a cathode-ray tube to the second anode, the total number of 
externa ends is reduced by two. On the other hand, when this is done, 
both dcfocusing and trapezium distortion will result. 2 Consequently, in 
t lose cases wheie these effects cannot be tolerated, it is necessary to con¬ 
nect t e anode potential to the mid-point of a high resistance across each 
pair of plates and apply the deflecting potential across the plates. Using 
the connection illustrated in Fig. 15-25 provides the opportunity for using 
push-pull deflection. This is particularly desirable since a number of 
advantages are gained. These are improved linearity of the trace, 
improved deflection sensitivity, and avoiding the need for clamping 

circuits. 

Actually, the use of push-pull deflection 
with one of the pair of deflecting plates being 
connected directly to the saw-tooth gener¬ 
ator, the other being fed from an inverting 
amplifier of unity gain, results in a sacrifice 
in linearity and in flyback speed. How- 
over, it is possible to arrange the circuit so 



App//ed 

def/ect/ng 

pofent/a/ 


1 


Fia. 15-25. The connection to 
the deflecting plates in a cath- 
ode-rav tube to reduce defocus- 
ing and trapezium distortion. 


. ~ jo jMwiuit' iu arrange me 

cls toitio,i introduced by the tube approximately cancels out the 

e ect o an exponential curvature in the waveform of the saw tooth. It 
is essentia t at the gain of the amplifier remain unity—otherwise, some 
lstortion will insult, but this is not difficult to achieve if the amplifier is 
provided with negative feedback. 

a * m P rcn °d deflection sensitivity results because the instantaneous 
e ecting potential difference with push-pull deflection is twice what it is 
with a single-sided, or unbalanced, deflection. 

Clamping circuits are unnecessary because the average ordinate of one 

wa\e is equa and opposite to that of the other wave, and the effects are 
in such a direction as to cancel each other. 

Ti\e important methods of obtaining push-pull deflection potentials 
from a single input wave are available. These are: 

sing e-tube phase-reversing stage which may or may not provide 
more than unity gain. This may be subdivided into: 

a. ose cncuits in which the input saw-tooth waveform is sensibly 

in ^ ar an tube distortion is arranged to be a minimum. 

. T ose circuits in which the input waveform is exponential and the 

amplifier characteristic is employed also for compensation of the input 
curvature. 

2. A single-tube paraphase amplifier. 

3. A two-tube paraphase amplifier which has been modified to handle 
t e peculiarities of a saw’-tooth waveform. This may be subdivided 
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a. A standard form of push-pull amplifier. 

b. A cathode-coupled paraphase amplifier. 

4. Split saw tooths. 

5. The use of two equivalent saw tooths operating in phase opposition. 

It is not possible to state which of these methods is the most satis¬ 
factory, since each possesses certain merits. For most purposes, type 2, 
the single-tube paraphase circuit, where no amplification is required, and 
type 36, the cathode-coupled paraphase amplifier, where amplification is 
required in addition to the provision of a push-pull output, will ordinarily 
provide satisfactory results. The use of types 4 and 5 usually permits 
deflection potentials with a minimum of distortion. 

Single-tube Phase-reversing Amplifier. Any vacuum tube used as a 
conventional plate-coupled amplifier provides an output potential that is 
opposite in polarity to the input potential. However, since the gain of 
such a stage is ordinarily greater than unity, some means must be found 
to reduce the amplification. One common method of reducing the gain 
is to introduce sufficient negative feedback; the anode follower, dis¬ 
cussed in Sec. 5-11, would be suitable for this service. However, it is 
quite likely that the phase difference between input and output poten¬ 


tials might differ slightly, particularly at 
the higher frequencies, where stray capaci¬ 
tances become important. 

A second way to reduce the gain of the 
simple amplifier circuit to unity is to use a 
potential divider in the input circuit to 
^ reduce the amplitude of the grid signal by 
an amount equal to the gain of the am¬ 
plifier. If the waveform which is to be 
inverted contains many harmonics, special 
care must be taken to compensate the potential divider for the shunting 
effect of the stray capacitances associated with it. 

Single-tube Paraphase Amplifier. A combination of amplifier and 
phase inverter to provide a push-pull output from a single input wave 
is known as a phase splitter , or paraphase amplifier. A single-tube para¬ 
phase amplifier in which the plate load resistance is divided equally 
between the plate and cathode circuits is the simplest form of paraphase 
amplifier and was examined in Sec. 5-4. The circuit of this amplifier is 
redrawn for convenience in Fig. 15-26. 

An important feature of this circuit is to be noted. This arises from 
the presence of stray capacitances between the cathode and ground. If 
a positive sweep potential is applied to the grid, the stray capacitances 
will charge slowly during the trace. When the grid is brought down 



Fig. 15-26. A single-tube para¬ 
phase amplifier. 
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capacitance must discharge through the cathode resistance, a relatively 
long time-constant circuit. If, on the other hand, a negative saw tooth 
is applied to the grid, the cathode-ground capacitance will charge slowly 
and during the retrace time the tube current will be large. As a result 
the cathode potential is enabled to change rapidly, and the flyback is not 
impaired. 

Another feature of this circuit is important. An analysis of this cir¬ 
cuit is given in Sec. 5-4, the output potentials and the effective internal 
impedances being given by Eqs. (5-43) and (5-44), which are rewritten 
here for convenience: 

From plate: E 2 = --- + ~ 2) ^ E t Z„ = r p + ( M + l)R 

From cathode: E 2 = —— El Z„ = 

It is observed from these that although the output potentials are equal 
in magnitude and in phase opposition, the effective internal impedances 

are quite different, being high for the 
^bb output from the plate, and being low 

for the output from the cathode. As 
a result, for h-f response, the total 
i + stray capacitances associated with 
, e 2 the tube and the capacitance of the 
J deflecting plates must be equalized. 

If this is not done, the flyback poten- 
j >e 2 tial may overshoot the start of the 

J+ trace. j 

Two-tube Paraphase Amplifi? rs - 
In the two-tube paraphase amplifier, 

A bb one tube is used as a conventional 

Fig. 15-27. A two-tube paraphase amplifier, and a second tube is used 
amplifier. ag a phase-inverter amplifier. Fig¬ 

ure 15-27 illustrates such a circuit. 
The resistois R x and R 2 comprise a potential divider across the output 
of a conventional amplifier, the ratio of the resistances being chosen 
so that the gain from the anode of 7T to the anode of T2 is unity. Often * 
a capacitor ( , is used, as shown, to compensate for the effects of the 
input capacitance of 7 2. C\ is chosen to make R\C\ = R 2 C 2 , where 
C 2 is the input capacitance of T2 y for reasons discussed in Prob. 14-2. 
Also the operating conditions of the tubes are carefully chosen to allow 
the curvature of the characteristic of 12 to compensate for the curvature 
of 71. Ihus the output potentials relative to ground are both slightly 
distorted to provide a comparatively undistorted potential difference 
between the output terminals. ' 


77 





T2 



^bb 

Fig. 15 - 27 . A two-tube paraphase 

amplifier. 
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practice because the adjustments necessary to reduce distortion to a 
minimum are critical. 

A second form of two-tube paraphase amplifier employs the differential 
potential between the outputs of two tubes as the input signal to the 
phase-inverter section. This circuit, which is also referred to as the 
floating paraphase amplifier, is illustrated in two versions in Fig. 15-28. 

In the circuit of Fig. 15-28a tube T\ is an amplifier to increase the 
amplitude of the applied waveform. The cathode resistors R k , if not 
by-passed, will provide some degeneration, which will help to reduce dis¬ 
tortion. The output from T 1 is coupled through C\ to R\ and R z , both 
of which have the same value as R 2 . The potential which appears across 




Fig. 15-28. Two forms of floating paraphase amplifiers. 


/ 


R z is applied to the grid of T2. The output of T2 is passed through C 2 
^and is applied across R 2 and R z . Thus half the output of both 7T and 
T2 appears across R z . Since these potentials are of opposite polarity, 
the resultant potential across R z is the difference between these two. 
The output of Tl is larger than the output of T2, and in order that this 
difference should be kept as small as possible, pentodes are used, so as 
to take advantage of their high amplification. 

The feature of the circuit of Fig. 15-285 is that the difference between 
the output potentials is taken care of in the choice of the resistors R A 
and R 2 so that the output potentials have the same amplitude. To do 
♦this requires that the following condition be satisfied, 


Ri K - l 
R\ K -f 1 


(15-9) 


where K is the gain of the stage. 

Cathode-coupled Paraphase Amplifier. The cathode-coupled paraphase 
amplifier is illustrated in Fig. 15-29. By comparing this circuit with that 
of Fig. 8-1, it will be noted that it is essentially the cathode-coupled dif- 


520 


ELECTRON-TUBE CIRCUITS 


[Chap. 15 


ances are equal. The analytic solution of this circuit is given in Eqs. 

(8-8) and (8-9) with e 2 = 0, the output 
potentials being given by the relationships 



0oi — 


002 = 


— fiR. 


2(r p + Ri) 

-\~yRi 
2 (r p + Ri ) 


0i 


0i 


(15-10) 


These show that the two output potentials 

are of equal magnitude but of opposite 

polarity, as required. 

The attractive features of this circuit as 

an acceptable solution to the paraphase 
pioblem foi push-pull deflection are the following: 

1. Low distortion and relatively small value of grid current when 
overloaded. 

2. Freedom from any tendency to self-oscillation. 

3. permits d-c connections at the input and output. 

4. 1 ermits providing shift, astigmatism correction, and balance 
controls. 

5. Permits sweep expansion. 

Figure 1 5-30 shows a circuit in which a cathode-coupled paraphase 
amplifiei is arranged to provide sweep expansion and other controls. 

A-/50 l+/60 l+160 



Input 


Sweep 
expansion 
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Xsh/ft 
control 


440 


i. 79r X-ctst/gmatism # 

125 control ~340 

,G * °" >() ' A ra thodc-couplod paraphase amplifier with sweep expansion. 

Spht Saw Tooths. It is sometimes desirable to avoid the necessity for 
amplification and phase inversion by generating a saw-tooth waveform 
having sufficient amplitude to allow half the output potential to be 
applied to each deflecting plate. The principle involved is indicated in 
Fig. 15-3la. Here the two charging resistors have a capacitor between 
them, although one might equally well use two equal charging capacitors 
with the charging resistor between them. The output provides equal 
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Fig. 15-31. A split saw-tooth generator, (a) Employs a single capacitor and two 
resistors. ( b ) Employs two capacitors and one charging device. 



R 


K 


c, 




switch S. Figure 15-31 b shows a practical circuit for obtaining a split 
saw tooth from two capacitors and one charging device. 

Saw Tooths in Phase Opposition. In Fig. 15-32 is shown a circuit 
’which comprises two saw-tooth generators, one of which is connected in 
the reverse sense to the other. In this circuit a single discharging device 
may be employed, but the plate sup¬ 
ply would be larger than would be 
necessary if separate discharging de¬ 
vices were employed. The resistors 
Ri and R 2 may be replaced by con¬ 
stant-current devices. The switch S 
which represents the discharging de¬ 
vice is used to bring the capacitors to 
the same potential. Since R i and R 2 
are equal, this potential is half that of 
the plate source. When the switch S is opened, one plate is driven in the 
positive direction and the other plate is driven in the negative direction. 

The circuit of Fig. 15-33 is one in which the elements are so arranged 
as to provide a push-pull output in which the whole of the available sup¬ 
ply potential may be made to appear across each of the capacitors C\ 


If 


Fig. 15-32. Saw tooths operating in 
push-pull. 
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and Co. Tn this circuit the two thyratrons Tl and T2 are connected 
across the capacitors Cj and C 2 , respectively, and the bias potentials 
applied to their grids are determined by the adjustment of the resistors 
a i and Hi The potentials across these resistors remain constant, 
^hen the capacitors C i and C 2 are being charged, the potential of the 
anoc e of 7 2 remains fixed, while those of the cathode and grid rapidly 1 
become more negative with respect to the anode. Since the grids of the 
two thyratrons are joined together through C 3 and the discharge current 
of C 3 passes through R oh the grid-cathode bias of T\ is greater than that 
due to the potential drop across /?,. For this reason R, must be adjusted 
to provide a smaller bias potential than is the case with R 2 , since other¬ 
wise there will be a time lag between striking of Tl and T‘2. The object 
is to obtain simultaneous striking, and this is best achieved by making 

t le pot< ntials at the two grids equal at the instant immediately prior to 
striking by accurate adjustment of R,. ’ 
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PROBLEMS 


pa rn me tors are^id j ustecTto ' be' ^^ san " t0 ° th Rcnerator of Fig ’ 15 ' 6 ' ^ 


Ebb 300 Volts E cc = -20 volts C = 0.003 M/ R = 10 6 ohms 


a. Calc ulate the frequency of oscillation. 

* pint l f lie \v 16 an ^ itude °f the generated waves, 
c. I lot the waveshape of the aenem a., . . 


io *he generated waves. Assume that the flyback time 

IS ZOI o. 

f.n 5 "^*raI )eSlp:n a th : \ ratron taxation saw-tooth generator to yield a substan- 
tn 11} lineai saw tooth having a peak amplitude of 25 volts, with a recurrence 

frequently of 1,000 cps. Specify reasonable values of E», E cc> R, and C, and give 
reasons for your choice. 


. . urcui o a transitron sweep generator* is illustrated. (This should 
nnp C °f^ are ; 1 Pro1 ?- 13-16 and the phantastron of Fig. 14-31.) Discuss the 
Tl r ^2° T.3 11S circu ^» u 'ith particular reference to the purpose of each tube 
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15-4. Derive an equation for the potential across capacitor C in the circuit of 


*Fig. iMP. , . .. , 

а. During the time that the gate is applied 

б . After the gating period. 


c. Sketch these results. . 

15-5. The output from a simple RC sweep generator is applied to the input of 
the amplifier circuit shown.* With e, = E( 1 - e-/r), and w.tli R t /R, = CR/T, 
find the expression for the output potential. 




15-6. The parameters in the simple sweep circuit of Fig. 15-11 are the following 
*for tube GSN7: 

Ri = 75 kilohms C = 0.005 /if > = 300 volts prf = 1,000 cps 

The input negative gate has an amplitude of 50 volts, and a duration of 150 /isec. 

a. Calculate and plot curves of the form illustrated in Fig. 15-12. 

b. Repeat a for Ri = 50 kilohms. 

15-7. Tube T1 in the circuit shown draws 10 ma at zero bias. The diode has 
an equivalent beam resistance of 300 ohms when conducting. Plot the waveform 
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300 300 



e a for the input waveshape shown. The cutoff potential of T\ is -20 volts, 
and g m = 2,400 m mhos. 

15-8. Set up and solve the differential equation that controls: 

a. The charge to capacitor C of Fig. 15-18a when the negative cutoff gate is 
applied. 

b. The discharge of capacitor C at the end of the gate period. 

15-9. The circuit of Fig. 15-186 is to be used in a saw-tooth generator circuit. 
The triode is a GJ5, and the pentodc4s a 6SJ7. A linear saw tooth with a 100 -volt 
excursion is required, the duration of which is 250 Msec. The recurrence fre¬ 
quency* is 1,000 cps. The available plate-supply source Ebb = 300 volts. Specify 
all elements of the circuit. 

15-10. Compare the operation of the accompanying circuit with Fig. 15-20. 



15-11. a. Find expressions for the potential across C during the charge and 
discharge portions of the cycle of the circuit in the figure for this problem. 



Assume that the beam resistance of T2 is r b when the tube conducts and is i 
when the gate is applied. 
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b. Plot the results of part a. 

c. On this same curve sheet, plot the results of Prob. 15-4, assuming the 

same value of C and that Ri = R 1 . , . ., - ^ 

15-12. Derive an expression for the output potential from the circuit of h ig. 

15-21 when a positive pulse is applied to the grid. The tube is normally biased 

> beyond cutoff. What should be the relation among the circuit elements for an 

approximately linear output? ,, . . ., t 

15-13. The circuit shown in the diagram is essentially the feedback circuit of 

Fig. 15-22. Discuss the advantages of this arrangement over that of tig. 15-^z. 



15-14. If the circuit of Fig. 15-22 is modified as shown in the accompanying 
diagram, and assuming that the cathode of T 2 rises linearl} at a cons an ra e 1 , 






show that the potential appearing across C 3 during the saw tooth is given by 

e 3 = K x t + KxRCttrW* 0 *+1) 


Neglect the effect of charging C 2 from the main source. 

16-15. Discuss the operation of the accompanying circuit, developed by Puckle. 

♦ 
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15-16. Discuss the operation of the self-balancing phase inverter shown in the 
accompanying figure. 

a. Determine the choice of the capacitor ratio C 1 /C 2 . 

b. Ascertain the change in e 2 by a 10 per cent change in /i 2 . 






CHAPTER 16 


SPECIAL SWEEP GENERATORS 


It is shown in Sec. 1-41 that the deflection of the electron beam in 
an electromagnctically deflected cathodj-ray tube is proportional to the 
strength of the deflecting field. The field strength is proportional to 
the current passing through the deflecting coil, if saturation is avoided. 
Consequently, if it is desired to deflect the electron beam linearly with 
time, the current through the deflecting coil must be varied linearly with 
time. When the end of the sweep is reached, the electron beam must be 
returned to its starting point quickly. It will be seen below that achiev¬ 
ing a linear saw-tooth current through a deflecting coil (a series RL cir¬ 
cuit) is a more difficult task than that of generating a linear saw-tooth 
potential. 

There are four general methods in use for obtaining a linear saw-tooth 
current through a deflecting yoke. They make use ol (1) the initial por¬ 
tion of the exponential change of current through the yoke when a step 
potential is impressed on the scries RL circuit, (2) the initial change of 
current in an inductance during an oscillation when the current in a par¬ 
allel RLC circuit is varied suddenly, (3) the increase of current in an 
inductance due to the application of a trapezoidal potential of properly 
chosen dimensions, and (4) the use ol feed¬ 
back to provide for linearization of the 

saw tooth. Each of these methods will be 'L 1 

examined below. 

16-1. Exponential Rise of Current. V ^ ^ 

The basic circuit of the sweep generator for E l c § Deflecting 

producing an exponential current through ^p~ 7 y ° k * 

an inductance is given in Fig. 1G-1. In _ , . . . . . 

. .... llU * Al , . Fig. 1G-1. A simple circuit for 

tnis Circuit it is supposed that the deflect- producing a saw-tooth current. 

ing-yoke circuit is initially relaxed. When 

the switch £ is closed, the current will begin to rise exponentially accord¬ 
ing to the equation 


Def/ecting 

yoke 


Fig. 1G-1. A simple circuit for 
producing a saw-tooth current. 


% = ^ (1 - e -nct/(L+ L ')) 

Re 


( 16 - 1 ) 
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The initial rate of rise of current is given by 


di{ 0 + ) 


E 


bb 


( 16 - 2 ) 


T L 


dt L - f- L c 

and hence the sweep speed may' be varied by adjusting the magnitude of 
the inductance in the circuit. 

lo return the sweep to the initial condition, the switch S is opened. 
When this is done, however, the current tends to oscillate owing to the 

• oscillatory circuit consisting of the 
yoke inductance and the distrib¬ 
uted capacitance of the yoke. In 
order to damp out these oscilla¬ 
tions, it is sometimes necessary to 

connect a resistor or a damping 
diode across the deflecting yoke. 

An electronic circuit that is 
based on these principles is illus¬ 
trated in Fig. 16-2. In this cir¬ 
cuit, the tube is normally biased 
beyond cutoff, and no current is flowing in the deflecting-coil circuit. At 
the time that the sweep is to be produced, a positive gating pulse is appli^ 
to the grid of the tube. The purpose of the resistor and diode that are con¬ 
nected across the deflection coil is to damp out the oscillations that are 
excited at the end of the sweep. The diode serves to disconnect the damp' 
ing resistor during the rise of current. When the driver tube is cut off at 
the end of the positive pulse, a reversal of potential across the inductance^ 
results, which will make the diode conduct and permit current to flo" 
through the damping resistor. 



Fig. 16-2. A circuit for generating a 
sweep current by impressing a rectangu¬ 
lar pulse on an RL circuit. 


\ s 





Fig. 16-3. A circuit for obtaining an os 
dilating current in a deflecting coil. 



Fig. 16-4. The current in the deflecting 
coil in the circuit of Fig. 16-3. 


16-2. Initial Part of Oscillation. When the current in a circuit con¬ 
sisting of a coil shunted by a capacitor is interrupted, an oscillatory cur¬ 
rent is produced in the tuned circuit. The first part of the first cycle of 
the oscillation of the current is reasonably linear and may be used as a 
£^£gp_current. The elements of the circuit are illustrated_mjj£^^^| 
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The shape of the current in the coil is somewhat as illustrated in 
Fig. 16-4. The rate of change of current in the interval from a to b 
depends upon the resonant frequency of the deflecting-coil inductance and 
the shunt capacitance, and the amplitude of the initial current. Of 
course, it different values of shunt capacitance are used, different resonant 
frequencies result, whence the sweep speeds (considering the region from 
a to b to be the effective portion of the sweep) may be varied. Likewise, 
the amplitude of the oscillation 
will depend upon the magnitude of 
the d-c current in the coil before it 
is interrupted. 

A sweep circuit that employs 
such an oscillatory circuit is given 
in Fig. 16-5. In this circuit the 
deflecting coil is coupled to the 
plate circuit of a current-amplifier 
stage by means of a large capacitor 
C. The inductances L\ and Li are 
very large and serve to isolate the 



r 


-c c % 

c 

1 T 





Fig. 16-5. An osoillfttorv sweep-current cir¬ 
cuit with arrangements for adjusting the 
zero position of the sweep. 


oscillatory current from the zero-position d-c restoring circuit and the 
plate supply Ebb and thus confine the current to the deflecting-yoke circuit. 
However, the bias battery Ed sends a steady current through resistor R } 
inductor L 2 , and the deflecting coil for the purpose of centering the spot. 

In this circuit the application of the pulse to the amplifier tube causes 
the current in the deflecting-coil circuit to decrease and oscillate about 
level, and the removal of the pulse causes the current to oscillate 



Fig. 16-6. The current in the dcflecting-coil circuit when a pulse is applied to the grid 
*of the current tube in Fig. 16-5. 

about the d-c value determined by the local circuit containing E d . The 
shape of the curve is somewhat as illustrated in Fig. 16-6. The second 
oscillation is damped more rapidly than the first because the beam 
resistance of the tube is in parallel with the circuit during this portion 
of the cycle. 

16-3. Linear Current by Trapezoidal Potential. Both of the foregoing 
methods for obtaining a linear-sweep current utilize a small essentially 
nr portion of a nonlinear function. It is possible to find a potential 
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waveform which, when applied to the inductive circuit of the deflecting 
coil, will yield a current that is linear with time. Specifically, if a linear 
current is required in a circuit comprising a series inductance and resist¬ 
ance, then since 


and 


i = kt 

(16-3) 

L ii + Ri 

(164) 

readily seen to be 


Lk + Rkt 

(16-5) 


The waves have the form illustrated in Fig. ’0-7. 




1 


I 


If at the end of a time T the input potential waveform immediately 
alls to zero, as illustrated, then the circuit potential and current become 


( 16 - 


e(t) = 0 

i(t) = kTe~ Rt/L t A 

In general, when the applied potential waveform is recurrent, which is t 

usual situation, an initial current may exist in the circuit when the inp 

potential is again applied. The situation is then of the form illustrat 

i n Tig. 16-8. The equations of the current may be shown to have t 
form 

i{t) = kt 4- i(0 + )e~ Rt ' L 0*< t < Ti 

*(0 = HT l )e- Rt ' I ‘ T 1 < t < T 2 


and 
so that 


( 16 - 







Sec. 16-3] SPECIAL SWEEP GENERATORS 

The current at the end of the interval T , is 

i(Ti) = kTi + t(T,)e-* vt 


j 


31 


(16-9) 


0 < t < Ti 
T, < t < Ti 


(16-10) 


(16-12) 


Combining the above gives 

*(0 = « + i{T l )e~ m+T ' ),L 
i(() = i{T l )e- R,/L 

To find the end points i(T x ) and i{T 2 ) requires the simultaneous solution 
of Eqs. (16-8) and (16-9), and, with these known, the entire waveform 

may be plotted according to Eqs. (16-10). 

It is of importance to note that if the impressed potential waveform 

is altered by increasing the height of the step, so that e is now given by 

e = i(0+)R + Lk + Rkt (16-11) 

then the resultant current is of the form 

i( t) = t'(O-j-) + kt 

This shows that current linearity may be obtained, despite the presence 
of an initial current, simply by increasing 
the amplitude of the initial step by a suffi¬ 
cient amount. 

A circuit which is capable of develop¬ 
ing a trapezoidal potential wave-form is 
shown in Fig. 16-9. The switch S that is 
connected across R c and C permits the 

capacitor to be charged and discharged. .... 

When the switch is opened, the current in this circuit increases according 

to the relation 

e -t/(RL+Rc)C (16-13) 



Fig. 16-0. A circuit for generating a 
trapezoidal wave. 


E 


Rl 4 " Rc 

if the initial charge on the capacitor is zero. The output potential of the 
circuit is 


or 




= E 


bb 


de 
dt 

At the initial time, t = (0+), 

de( 0+) _ 


e = Ebb ~ iRl 


*»Rl r -t/lRr.+ R r )C 

Rl + Rc 

(16-14) 

wave is 


*»RL r -t/(RL+R e )C 

(16-15) 

{Rl + RcYC 


dt 


= E 


Rl 


bb 


(Rl + RcYC 


(16-16) 



532 ELECTRON-TUBE CIRCUITS 

The jump/slope ratio is given by 


[Chap. 16 


Jump = R l + R c 
Slope RlR c 


(16-17) 


If the time constant (Rl + R c )C is large compared with the sweep time 
T, so that only a reasonably linear portion of the exponential curve is 
used, the output potential will be a sufficiently good trapezoidal potential 
wave having the properties shown in Fig. 16-10. 



Fig. 16-10. Trapezoidal potential and the relation to the circuit constants. 



F!G. 16-11. A circuit for generating a saw-tooth current wave for electromagnetic 
deflection. 

An electronic circuit that incorporates the foregoing features for pro¬ 
ducing a linear saw-tooth current through the deflecting coil is given in 
Fig. 16-11. It will be observed that tube Tl serves as the switch of lug* 
16-9, the output trapezoidal wave being applied to the grid of a current- 
amplifier tube T 2. A biased clamp T3 is used to set the reference level* < 
It is possible to derive an approximate expression for the trapezoids 
potential that is generated in the driver circuit that includes Tl- 1 
denotes the potential across the capacitor when the negative gaf e 
is applied to the grid of Tl, then the plate potential £’„(0+) immediately 
jumps to 

£ ' i,l(0+) = WTr, [Ebb ~ £ (°+)] + ^ 0+) (1648) 



Sec. 16-3] SPECIAL SWEEP GENERATORS 

the charging cycle. The current during the charging cycle is 


533 


Since, at any time, 


•/.\ Ebb Ebi(0-\-) -t/( R c+Ri )C 
t(<) = R, 6 

e bl (t) = E*- i(t)Ri 


(16-19) 


then 


e bl (t) = Ebb - [Ebb - £6i(0 + )]<r"<*‘ + "' )C 


(16-20) 

(16-21) 


and at the end of the charging period 


e bl (T) = E b b ~ [Ebb - £6i(04-)]e- T/( *‘ + *' )C 


(16-22) 


A sketch showing the variations expressed analytically by these relations 
is given in Fig. 16-13. 

It is of interest to examine the initial jump/slope ratio. This is found 
to be 

R 


r [Ebb - E bl ( 0+)] 

Jump _ R c T Ri _ 

Slope “ [Ebb - E(0+))/(R e + Ri)C 



17 * _ f /ni\ Fig. 1G-12. The equiv- 

= R c C — J? -~t~ (16-23) alent charging circuit of 

Ebb E (0 T) the driv'er of Fie. 10-11. 


By comparing this with the jump/slope ratio given by Eq. (16-17), it is 
seen that the results obtained by using the vacuum-tube circuit are not 
precisely those required to produce a linearly rising saw-tooth current in 
the plate circuit of T 2. To make possible the linear saw tooth requires 



that the two ratios be equal. Such equality is approximated by choosing 
Ri much greater than R c . With this done, the slope of the sweep current, 
which is dictated by the slope of the trapezoidal wave, may be controlled 
by adjusting Em or R h without affecting the linearity of the current rise. 

During the discharge time, the capacitor C discharges in the equivalent 
circuit given in Fig. 16-14. Ordinarily it is desired that C discharge as 
•idly as possible so that E( 0+) is small. The exact equations for the 
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discharge are obtained by analyzing Fig. 16-14. This is left as a problem 
for the student (see Prob. 10-3). 

A variation of the circuit of big. 16-11 that does not require a clamp 
is shown in big. 16-15. i his circuit requires a separate adjustment 

__ f° r (>IU *h sweep speed, if multiple sweep speeds 

l 11 + are provided. 

s L 4 c < 1 here are two factors which tend to influ- 

> I b cnee adversely the considerations given 

^ bb _ C 'X y a ^°ve, viz., the distributed capacitance of the 

Fig. 10-14. The disohaiw- cir- *“'• an ? (hc ca P a citancc of the circuit wiring, 
cuit of the driver in Fig. 10 -1 1 . ^ mcc the potential across a capacitor in a 

series IlC circuit cannot change suddenly, the 
distiibuted capacitance at the input to the current or driver stage will 
leduce the steepness of the initial jump of the trapezoidal potential, 
making the tiapezoid tend to approach a sawtooth. The application of 
such a potential to the RL circuit through the current tube is a current 




bb 


Fig. 16 - 14 . The discharge cir¬ 
cuit of the driver in Fig. 16-11. 


IS 




Fig. 16-15. A saw-tooth generator that provides for d-c restoration by means of a 
separate circuit. 


winch increases slowly at first, as shown in Fig. 16-10, and gradually be¬ 
comes linear with time. Frequently one applies a sharp spike at the 

beginning of the sweep to help overcome this effect. Such a wave has the 
form shown in Fig. 16-17. 

I ho effec t of the distributed capacitance of A. 

the deflectmg-coil circuit, which may be con- A** 

sk oioc to appear as a capacitance across the y y' 

coil, is to produce an oscillatory circuit. The sy 

rapid change of current passing through the 

cod at the time of the return trace will . 

ordinarily shock-excite the coil into oscilla- ~ 

tion. J3ut since it is necessary to provide tarding the start of a sweep 
some means of dissipating the energy in the current, 
electromagnetic field of the coil so that the current can fall to zero in a 
short time, a resistor is often connected in parallel with the deflecting coil- 
1 his resistor serves to damp the oscillations produced by the shock excita- 
tion. I he complete curve is generally of the form illustrated in Fig. 16 - 18 - 
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Fig. 16-17. The use of a narrow spike to Fig. 16-18. The waveform of the current 
aid in starting a linear-sweep current. in the deflecting coil. 


16-4. Feedback Circuits. The sweep-current circuits discussed in the 
foregoing sections have been used extensively for magnetic sweep-current 
generation, although present-day methods generally incorporate feedback 
in the circuit as a means for linearizing the current wave. The use of 
feedback serves several desirable ends. First, a significant cause of 
nonlinearity in the sweep current, especially if the sweep duration is long 
enough so that the effects of distributed capacitances are unimportant, 
is the nonlinear characteristics of the current-amplifier tube. Such 
nonlinear effects are greatly reduced by incorporating negative feedback 
in the circuit. Second, the input to the feedback amplifier is a linear 



Fig. 16-19. A feedback-type current saw-tooth generator. 


potential saw tooth in order to produce the linear current saw tooth. In 
effect, therefore, with the proper feedback, the application of a linear 
^ potential saw tooth to the grid of the current tube results in the generation 
within the amplifier of a trapezoidal potential waveform of correct pro¬ 
portions to produce the linear current saw tooth in the deflecting yoke. 

A form of feedback-type current saw-tooth generator is illustrated in 
Fig. 16-19. The successful operation of this circuit requires that the gain 
of T2 be high, and also that R be high. In this case, when the input 
negative gate is applied, there is applied a step function of current, as 
shown in the equivalent circuit of Fig. 16-20. The shunting effect of the 
plate resistance of T2 is neglected. An analysis of this network follows. 
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From the 
network is 


diagram, it follows that the operational response of the 


E 


i = 


bb 


R 


G me, 


(16-24) 


and 


(7?o + Lp)i 


Combine these equations to the form 




(16-25) 


T 

i 


[(<7m/?2 + 1) + g m Lp]i = (g m Ri + 1) + ^ j ^ 


bb 


This equation is writte*. as 


(16-26) 


G niL 


OmR 2 


9 


^i + P )<,S, R (t^±A c + \ ]Eu 


Gm V 

Note, however, that if the parameters are so chosen that 


(16-27) 


9 


m 


(ImR-l 4 - 1 _ 

9mL (QmRl T 1)C 
then the equation reduces to the form 


(16-28) 


i = S- 


1 


E, 


bb 


(16-29) i 


QmR2 T 1 p 

This is an operational equation which show’s that the current is propoi- 
tional to the integral of L'h,, whence the current is a linear saw tooth. 


JR 


bb 


R 


t 



i 


Fig. 16-20. The equivalent circuit upon the application of the negative gate. 

Refer to Eq. (1G-28). For the case for which g m Ri > 1 and g m R\ > 1» 
the relation among the parameters reduces to 


R 2 

L 


RyC 


for g m large 


(16-30) 


r 


as the required condition for a linear saw-tooth current. 

The circuit above is applicable to linear-saw'-tooth-current generation 
w r hen the effects of distributed capacitances are unimportant. This is the 
same limitation that exists in most circuits already considered, and a 
truly linear saw tooth is not possible. 
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Somewhat more elaborate feedback circuits permit correction of current 
saw-tooth nonlinearities. Consider the circuit of the feedback sweep 
amplifier shown in Fig. 16-21. Note that the input is a linear potential 
saw-tooth wave. The input saw tooth to this amplifier may be generated 
by a simple RC sweep generator, since only a small input signal is requiied, 
and for most purposes the resulting linearity in using a small portion ot 
the exponential wave is adequate. This input is passed through two 




potential-amplifying stages and is then applied to the grid of the current- 
amplifier tube. A comparison is now effected between the input poten¬ 
tial waveshape and the output current waveshape. If the total current 
through the current tube differs from a linear variation, there will be a 
difference in potential between the cathode of the input stage and an 
* appropriately chosen sample of the output current stage. Owing to the 
feedback between the output and the input stages, the effective signal 
will vary in a manner to yield a linear current in the output. Note in 
the figure that the grid of the output stage is d-c restored to a value 
beyond cutoff. 

, An improved circuit is shown in Fig. 16-22. In this improved circuit, 
the sampled output current is amplified before being fed back to the input. 

There are two features of the above circuits that should be discussed. 
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In the fii^t circuit, the sampling of the output current is done by means of 
the potential drop across the cathode resistor. Evidently, therefore.it 
is the total current that is being sampled, and not the current through 
the deflecting yoke. Of course, if the fraction of the total current 
tlnough the deflecting yoke remains constant as the current increases, 
then theie will be no error resulting from this manner of sampling. The 
(iicuit ot fig. 16-22 does sample the current in the deflecting yoke. 

A second lcature is one which is important in certain types of applica¬ 
tion. It will be noted from Figs. 1(3-21 and 10-22 that the deflecting yoke 
is in the plate lead of the current-amplifier tube. Likewise, with the 
damping tube that is provided, the position of the cathode-ray beam at 
the start of the sweep will be independent of sweep amplitude or sweep 
speed. I his is a very desirable characteristic in a radar indicator, since it 


1 





1 


1 


avoids the requirement tor a centering potential, which will depend on the 
sweep speed. 

If provision must be made for controlling the position of the start of 
the sweep, the yoke may be a-c coupled to the current amplifier by means 
ot a tiansfonner and by providing a separate source for effecting the 
desired displacements. The elements of a circuit that permits this type 
of operation are given in Fig. 1G-23. In this circuit the current in the 
deflecting yoke is sampled, amplified, and combined with the input saw 
tooth in a difference amplifier. The amplifier tends to apply to the 
output circuit the difference w'aveform between the output current wave 
and the input potential. The action is to reduce this difference to a 
negligible amount, if the gain is sufficiently high. If the single stage T4 
is not sufficient to provide the required output, additional amplification 
can be provided either between T2 and T3 or between T4 and T2. 

It is possible to use potential-feedback techniques for effecting linear¬ 
ization of the saw-tooth current. This requires only that a potential 
waveform which is proportional to the saw-tooth current be made avail¬ 
able. This is readily accomplished by means of a simple netw r ork (see 
Prob. 16-6). 


r 


r 
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16-6. Circular-sweep Generator. In certain applications it is found 
desirable to employ other than a linear sweep of the cathode-rav beam 
across the face of the tube. In some instances the beam may be deflected 
across the tube face according to some prescribed function of time, not 
necessarily linear. In other cases the cathode-ray beam may be caused 
to describe a circular path, a spiral path, a rotating radial path, oi, in 
fact, any of a wide variety of paths. Several such sweep generators 

will be studied. 

An elliptical or circular sweep of the electron beam can be readily 
accomplished by making use of the fact that the application of sinusoidal 
potentials which differ in time phase by 90 deg to the two sets of deflect¬ 
ing plates of the cathode-ray tube 


which are 90 deg apart in space 
will generate an ellipse, if the ver¬ 
tical deflection is different from 
the horizontal deflection, or will 
generate a circle, if the two deflec¬ 
tions are the same. The ampli¬ 
tude of the potentials must be 



Fic,. 16-24. Phase-shifting circuit for pro¬ 
ducing an elliptical or circular trace. 


V 


slightly different in general in generating a circular sweep in order to take 
into account the different deflection sensitivities ot the deflecting plates, 

owing to their different distances from the screen. 

The simplest circuit for obtaining the necessary two potentials which 
are 90 deg apart in time phase is illustrated in Fig. 16-24. The circle 
diagram of this circuit is given in Fig. 16-25, and it will be seen that, for 
a fixed value of C, the degree of ellipticity, which depends upon the rela¬ 
tive potential across R and C, is controlled by controlling the value of R. 
The potentiometer P controls the amplitude of the sine-wave potential 
that is applied to the phase-shifting circuit. If this potential is large, the 
potentials across both R and C will also be large. Consequently, the circle 
traced on the screen will be of large diameter. 

If the source of potential for the sweep generator contains appreciable 
harmonics, the trace cannot be made circular. A modification of the 
circuit of Fig. 16-24 is possible which will avoid most of the errors arising 
from this cause. It consists in replacing the resistance of the circuit by a 
parallel circuit that is tuned to the frequency of the supply source. The 
circuit then has the form illustrated in Fig. 16-26. At the supply fre¬ 
quency, the impedance of the parallel circuit is equivalent to a pure 
resistance of value Li/C\R\ } where R x is the effective resistance of the 
inductor. With this circuit, the parallel branch impedance is capacitive 
for the harmonic frequencies, and so the variation of this impedance with 
frequency is substantially the same as that for the capacitor C, with the 
result that the amplitudes of the harmonic potentials applied to the two 
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deflectoi plates are substantially reduced and the circularity of the trace 
is not seriously impaired. , ", 

The main advantages ol the use of a circular trace are the ease of 
generation, the increase in the length ot trace possible on a given cathode- 
lav tube face, the avoidance of flyback. A disadvantage is that such 
sweeps are ordinarily used with tubes which require the presence of a 





E 


Fig. 16-25. The circle diagram of the 
phase-shifting network of Fig. 16-2-1. 


Fig. 16-26. An improved simple phase- 
shifting circuit. 
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Fig. 16-27. A circular-sweep generator circuit. 

central electrode to which the signal is applied in order to obtain a radial 
deflection of the trace. However, it will be shown that the use of such 
special tubes is not required since it is possible to obtain a radial deflection 
without the use of the central electrode. 

The disadvantage of these generators is that the omission of push-pull 
sweep deflection results in trapezium distortion unless the tube is specially 
designed to reduce this. The effect of the distortion is readily avoided 
through the use of the somewhat more elaborate circuit illustrated in 


4 
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(a) CS) 

Fic,. 16-2S. A circular and a spiral trace 
possible with the circuit of Fig. 16-27. 


Fig. 16-27. This circuit, which is based on the same principles as above, 
provides a greater flexibility. 

In this circuit the values of C and R are chosen so that a circular sweep 
will be generated at the frequency of the applied potential. Push-pull 
deflection is provided in order to reduce trapezium distortion. The gain 
of the four amplifier tubes is controlled by the potential on the screen 
grids, which is controlled by the potential at the plate of To, a quantity 
that is set by the setting of the bias potentiometer in the grid circuit of 
this tube. 

If no signal is applied to the grid of 75, the potential at its plate will be 
constant and a circle will be gener¬ 
ated. However, if a signal is ap¬ 
plied to the grid of To, the potential 
at the plate will be changed in ac¬ 
cordance with the shape of the in¬ 
put signal, assuming that there is 
no distortion. This will cause the 
diameter of the circle to change in 
accordance with the applied signal, 
whence the signal is made to appear on the beam. Such a pattern may 
have the form illustrated in Fig. 10-2Sa. 

To obtain the spiral trace illustrated in Fig. 16-286, it is necessary only 
to apply a saw tooth to the input of To, the frequency of which is a sub¬ 
multiple of the frequency of the applied sine wave. In particular, 
suppose that the applied sine-wave potential is 1,000 cps and that a 
saw-tooth potential of 200 cps is applied to the grid of To. The gain 
of the amplifier tubes will be varied continuously during the 5 cycles 
of the sine wave. As the gain increases from zero to the maximum, the 
spot rotates on a circle of ever-increasing radius, returning to the center 
during the flyback period of the saw tooth. If the saw tooth is not a 
submultiple of the sine wave, the spiral will revolve. 

By substituting current-amplifier tubes for the potential-amplifier tubes 
m the push-pull circuit and replacing the electrostatic deflecting system 
by an electromagnetic deflecting yoke, the foregoing discussion is valid 
9 for the electromagnetic type of tube. 

16-6. Rotating Radial Sweep. A radial linear sweep which can be 
rotated with uniform angular velocity is extensively used in radar appli¬ 
cations. Such an indicating system is known as a plan position indicator 
(111) since, in its operation, the rotation is synchronized with the scan¬ 
ning of the radar system, the resulting display being in effect a plan view 

of the scanned area. A number of methods have been used to generate 
such a display. 
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incorporates the magnetic deflecting yoke which produces the nominal 
linear deflection in a mechanical assembly which can be rotated physi¬ 
cally. The physical rotation of the mechanical assembly can be synchro¬ 
nized with the primary driving source either by means of rigid mechanical 
couplings or by means of a servomechanism, a device which permits 
accurate follow-up of driven and driver systems by purely electrical 
interconnection. 

A second method that has been extensively used utilizes a so-called two- 
phase sclsyn transformer , or resolver. Such a device consists of two stator 
windings which are placed at right angles to each other and which are 



Fig. 16-29. A sclsyn transformer circuit for producing a rotating radial s^veep. 


excited from a single-phase movable rotor. The application of, say, a 
trapezoidal potential waveform (which would theoretically provide a 
linear-sweep current) to the primary will yield two output potentials 
which are in time phase but the amplitudes of which vary, respectively, 
as the sine and cosine of the angle of the rotor or primary with respect 
to the secondary windings. These outputs when amplified and applied 
to two deflecting coils at right angles to each other will produce a display 
of the type here considered. That this is so follows readily from the fact 
that the horizontal and vertical magnetic fields are proportional to 




B x = 0(0 cos (p 
By = 0(0 sin <p 

from which it follows that 

B = VbTTbi = 0(0 

That is, the resulting field, and hence the deflection, at any angle <p is con¬ 
stant in amplitude and of the form to produce a linear saw-tooth current 
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that it faithfully reproduce in the output circuit the waveshape of the 
input wave. The main elements of such a circuit are given in Fig. 
16-29. 
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PROBLEMS 


a 


16-1. The deflecting yoke of a magnetic cathode-ray tube has an inductance 
of 8.9 mh and a resistance of 15 ohms. It is connected in the circuit of Fig. 16-3. 
The initial current in the coil is 80 ma when »S is opened. Calculate and plot the 
current through the coil when C = 0.01, 0.1, and 1 /if, respectively. Estimate 
the range over which a linear current within 5 per cent exists. 

16-2. The deflecting yoke of Prob. 16-1 is connected in the circuit of Fig. 
16-11. Tube 7T is a 6J5, T2 is a 6V6, Eu, = 300 volts. The clamp sets the 
grid bias of T2 at —50 volts. If the current wave through the yoke is to vary 
linearly from 0 to 80 ma in 60 /xsec. 

a. Specify the trapezoidal wave that must be applied to the grid of T2. 

b. Specify a set of constants’of the circuit of T\ to yield such a trapezoidal 


wave. 

i 16-3. Deduce the equations for the discharge cycle of the circuit of Fig. 16-14. 
16-4. The essentials of a current sweep generator arc illustrated.* 

a. Derive an expression for the current i through L, assuming that the tube 
parameters are constant over the operating range and that the grid impedance is 
high, so that no current is delivered by the source c. 

b. What choice of time constants yields optimum linearity? 
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16-5. Repeat Prob. 16-4 when the circuit is connected as shown. 



16-6. The essentials of a feedback linearizing saw-tooth current generator* J 
are illustrated. Deduce an expression for the current i\, with the application of jr 
the input gate. I 



Yoke 


16-7. Show that the output potential e 2 in the circuit shown is proportional 
to the coil current i, when R X C = LJR. 




16-8. The elements of a feedback current saw-tooth generator,! which is 
essentially a shunt-fed version of the circuit discussed in Sec. 16-4, are illustrated 
m the accompanying figure. Show analytically that the current in the coil has a 

+ o' Banthor P e > Electronic Eng., 22, 339 (1950). 

X_ A - B. Sta rks-Field , Electronic Eng., 25, 192 (1953), 
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saw-tooth current waveform for a square-wave potential input, when the param¬ 
eters are chosen sucli that 



for q niR 2 » 1 and Xc t « %co\\ 


16-9. Sketch a circuit for producing a linear saw-tooth current which incor¬ 
porates the network of Prob. 16-7 in a potential feedback circuit. 



V 
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CHAPTER 17 


AMPLITUDE MODULATION 


,-nt Jr 1 ' In dUCtl0n - . There are Uvo major reasons for transmitting 
'genre at a relatively high frequency level: (1) transmission by 
radiation is practicable at the high frequencies, and (2) it is. possible to 

ih f m a nur ™ 1Gr m °f usages simultaneous]}' without interference if 
e requency evel is different for each message. Of course, any com- 

s> s em o conveying intelligence from one point to another must be 
apa > e o leproducing the intelligence, as represented by the amplitude, 
or loudness, and the frequency, after transmission. The process of alter- 
g ie icquency le\ el of the intelligence is broadly known as modulation. 
the inverse process, in which the intelligence is extracted from the radi¬ 
ated wave, is known as demodulation or detection. 

By definition' modulation is the process of producing a wave some 
characteristic of which varies as a function of the instantaneous value of 
another wave called the modulating wave. The modulating wave is 
usually the signal, the modulated wave being the h-f carrier wave, which 
has been altered in a manner to carry the intelligence. 

sion° nS1 e " a " a ' e " K 'h may be represented analytically by the expres- 


(17-1) 


C = A cos (a>t -f 0 ) 
where t is the time. If either 4 * * • • , ,. , 

tion of the instantaneous value of a’ ? *? accol ; dmg some funC ' 

each of the modula^nSs^t^ ^T' "e 

nf ihnvn h . ods tliat are important practically, only one 

oi tnese parameters is varied onrJ , . ... . 

• . * . - u > and m commercial transmitters great care 


is taken to avoid the use of 


more than one t} r pe of modulation. 


r,, i , . - wjic ipvuc ui iiiuuuirtuuii. 

with thn H f U aiwn ’ amplitude A is varied in accordance 
j ; .. m ° ^ a in ^ " ave ’ while (o and Q remain constant. In frequency 
( a ion , the frequency « is varied, and both A and 0 remain constant. 

* **. U phase 6 is varied, while A and a) remain con- 

of mi u S 011 P e ^ haps be mentioned that phase modulation is not 
be hqJh * >rac * il . ca importance in itself, but as will be shown later, it may 

be used as an intermediate si 
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17-2. Characteristics of Amplitude Modulation. As indicated, ampli¬ 
tude modulation is produced by varying the magnitude of the carrier in 
accordance with the amplitude and frequency of the modulating source. 
Let the signal potential be designated as 


e m = E m cos a ) m t 


(17-2) 


and let the unmodulated carrier be written as 

e c = E c cos ( oj c t + 0) (17-3) 


The carrier frequency o3 c is usually much greater than the signal frequency 
w m and is chosen at the designated frequency level desired for the trans¬ 
mission. The resulting modulated wave has the form 

e = (E c + k a E m cos u m t) cos o3 c t (17-4) 

The amplitude factor E c + k a E m cos o3 m t expresses the sinusoidal varia¬ 
tion of the amplitude of the wave, where the proportionality factor k a 
determines the maximum variation in amplitude for a given modulating 
signal E m . In this expression the arbitrary constant phase 0 has been 
chosen as zero, since it plays no part in the modulating process. 

In examining this wave in detail, the expression is written in the form 

e = E c ( 1 m a cos o3 m l) cos coj (17-5) 


which is then expanded to the form 

€ = Eg COS 03 c t —7;—' COS (03 c -f- 03 m )t + 1 - COS (o3 c — 03 m )t .(17-6) 


> * 


The factor m a is known as the modulation index, 


k a E 


m n = 


m 


E c 


(17-7) 


and 100m a is the percentage modula¬ 
tion. A sketch of Eq. (17-5) has 
the form shown in Fig. 17-1. 

The expanded expression of Eq. 
(17-6) indicates the frequency spec¬ 
trum of the modulated wave. The 
first term is of carrier frequency co c ; 



Fia. 17-1. The modulating signal and a 
modulated carrier. 


the second has the frequency w c + o3 m and is called the upper sideband. Its 
frequency is equal to the sum of the carrier and the signal frequencies. 
The third term has the frequency o3 c — « m , which is equal to the differ¬ 
ence between the carrier and the signal frequency. This component is 
known as the lower sideband. A plot of the frequency spectrum of the 
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be \ iewed as the process in which signal information, which is specified 
re a i\ e to a zeio-frequency reference, is shifted on the frequency scale 
so that it is specified with respect to the carrier level « c . At the same 
ime ’ * e i^olligence appears symmetrically disposed relative to w c . 

\ Relative ^ should be emphasized that 

amp/itude Carrier (jpper the foregoing is not a mathema¬ 

tical fiction, as it is possible by 
means of appropriate filters to 
extract the frequencies in the 
spectrum. In fact, the features 

of transmission of intelligence with 
one or more of the frequencies in 
the spectrum suppressed will be 
examined below. 

A simple sinor representation of Eq. (17-G) by means of a pair of 
rotating conjugate sinors in the complex plane is readily possible. A 
little thought will convince the reader that the three sinors in Fig. 17-3 
repiesent the three terms of the equation and that the resultant sinor 
does exhibit the properties of the 
a-m wave. 

In general, the modulating sig¬ 
nal is not sinusoidal but is a com¬ 
plex wave. Since, however, this 
complex wave may be represented 
by a Fourier series if the wave is 
periodic or by a Fourier integral if 
it is nonperiodic, the modulated 

canier wave possesses a frequency spectrum which is more complex 
than that illustrated. But each frequency in the modulating signal 
produces a pair of side frequencies in the frequency spectrum "" 

f Relative 
response 



Fig. 17-3. The sinor representation of an 
a-m wave. 


Then 



m 


2 gfco c -cu) 


m, 


gfcj c +co) 



k 


=>-co 


I ig. L-4. The frequency spectrum of a complex wave. 


a signal with frequencies in the band g( «) will yield a frequency spectrum 
with a band of sidebands 


m 


g(u c -f- oi) and 


m a 


<7 Or — <*>) 


symmetrically disposed about the carrier co r . Such a spectrum would 
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The frequency-shifting property of modulation is not limited to shifting 
an audio-frequency to a higher position in the frequency spectrum. It 
is possible to shift an h-f signal up or down in the frequency scale, and 
both processes are important. Since such frequency shifting or frequency 
changing does not involve directly the intelligence to be transmitted, 
frequency changing is classed, not as a modulation process, but rather as a 

detection process. 

17-3. Circuits for Amplitude Modulation. In the ideal case the ampli¬ 
tude A in Eq. (17-1), which in general will actually be the signal wave¬ 
shape rather than a single constant amplitude, must be faithfully imposed 
as the amplitude envelope of the carrier frequency, over the full range of 
amplitude variations. Moreover, the signal waveshape must be main¬ 
tained over the entire frequency band involved in the intelligence, from 
the rather narrow band required for carrier telegraphy, to the broader 
band required for commercial broadcasting, to the very broad band 
required for television. 

The degree of linearity, i.e., the degree to which the signal waveshape 
and the envelope of the modulated carrier must be the same, is determined 
,by the character of the transmission. For commercial broadcasting, 
it is required that the intelligence be transmitted with a minimum of 
distortion over the specified audio spectrum, and over a wide degree of 
modulation. While some consideration is given to the matter of effi¬ 
ciency of a modulated transmitter, ordinarily the principal consideration 
is linearity rather than efficiency. It is possible to design highly efficient 
transmitters in which the power is varied with the modulation require¬ 
ments, although in most cases the transmitters operate rather ineffi¬ 
ciently, and at an average modulation of less than 50 per cent. 

For commercial telephony, the requirements imposed are quite differ¬ 
ent from those for broadcasting. The frequency band is narrower, and 
the frequency response need not be strictly linear. Power efficiency is 
important, and it is essential that a high modulation index be maintained 
in order that the signal/noise ratio at the receiver be optimum for the 
available carrier power. Many small transmitters operate in much this 
same way. 

It might appear reasonable to modulate the oscillator, and certain 
of the circuits to be considered could be used in such an application. 
However, the discussion of the problem of frequency stability of an 
oscillator in Chap. 13 showed that the frequency does depend on the load, 
and a varying load would in most cases be accompanied by a varying 
frequency 7 . The amount of frequency modulation so introduced is greater 
than can be tolerated, although the modulation can be so introduced as 
to have no adverse effect on the oscillating circuit. Because of this, 
_ osci llators are never modulated in regular broadcast practice. 
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fier chain and may be carried out at low level or at high level. In low- 
level modulation, the modulation is accomplished at relatively low power 
e\el, and the power level is then raised until the desired level is reached. 
Since the caniei is modulated, the amplifier stages must maintain a linear 
ielationship between input and output over the entire signal-frequency 
range, to avoid what is called sideband clipping , and over the entire range 
of modulation. Class B tuned power amplifiers are used in this applica¬ 
tion, as discussed in Chap. 12. A system of this type for high-power 
applications therefore comprises a low-power modulator and a chain of 
class B tuned-power-amplifier stages. The modulator has relatively 
little effect on the over-all efficiency of the chain of relatively low- 
efficiency class B amplifier stages. 


A ud / o 
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amplifier 
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Fig. 17-5. A feedback scheme for improving the linearity of a modulating system. 


In the case of high-level modulators, the unmodulated carrier is ampli- 
ec y means of relatively high-efficiency class C amplifiers, and linearity 
is unimportant, owing to the constant signal level. The modulator, 
w lie i is simply an audio amplifier, must now provide the full audio 
power component of the transmitter, since the modulating signal must be 
ma e aval able at high power. This requires considerable power ampli¬ 
cation o t e modulating signal. This system comprises, therefore, 
highly efficient class C amplifiers, but a large and inefficient modulator. 
As regards over-all efficiency, there is little to choose between the low- 

level and the high-level methods for a given power output, and both 
systems are widely used. 

As will be discussed, an amplifier can be modulated by applying the 

modulating signal in the grid, plate, or cathode circuits, and in the case 

of pentodes either of the available grids may be used. The point of 

application of the modulating signal often determines the name or type 
of the modulation. 

. hnearity of modulation can be improved by the application of 

inverse feedback. This is accomplished by means of a system such as 
tha^Ilustrated in hlonlr r — - - . . — 
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the linear detector (see Chap. 18 for a discussion of the linear detector), 
which is assumed to be a faithful reproduction of the output from the 


modulation system, is an audio-frequency signal which, in the ideal case, 
is identical with the audio input. Any difference between them serves 
as a correction tc/reduce the difference, thereby improving the resulting 
linearity. It ipmnportant, of course, that audio-frequency or r-f envelope 
phase shiftj^me minimized through the feedback loop, as well as that 
proper aprfplitude relationships be maintained around the loop, 
u 17-#oquare-law or Small-signal Modulation. Amplitude modula- 
tioTfmay be produced by impressing two sinusoidal potentials of different 
frequencies in a nonlinear circuit. The van dcr Bijl modulator is one of 
the earliest devices embodying methods of this type, but it is seldom used 


at present. This modulator depends for its operation on the curvature 
of the transfer characteristic of the tube. A circuit of this modulator is 



Fig. 17-6. The circuit of the van dcr Bijl modulator. 


given in Fig. 17-6. The carrier- and modulation-frequency potentials 
^ are both applied in the grid circuit of a triode or multigrid tube, and the 
modulated wave appears across the tank circuit in the plate circuit of 
the tube. The tank is tuned to the carrier frequency and must be 
sufficiently broad to include all the important sidebands, usually about 
l ±10 kc for normal broadcast purposes; otherwise sideband clipping 
occurs. The operation of the modulator is made clear in the sketches 
% of Fig. 17-7. 

To examine the modulation process analytically, it is supposed that the 
9 transfer curve is parabolic over the range of operation, so that the a-c 
plate current may be related to the input grid potential by the first two 
terms of the series expansion 


i P = a\€ a 4- a 2 el 


(17-8) 


where a\ and a 2 are constants. The excitation potential e 0 is of the form 

e„ = E tn cos 4- E c cos u> f Z (17-9) 


e 0 = E m cos a) m t. 4- E c cos u> f Z 
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Grid circu/f 



P/ate current 



Low frequency Modu/atecJ output 

componen t/suppressed; 



7. The waveshapes at various points in- the van der Bijl modulator. 

plate current is 


i p - a x E m cos w m t + ai E c cos u c t + a 2 El cos 2 w m t + a*El cos 2 uj 

4- 2 a 2 E c E m cos u m t cos u c t 

This may be written as 


lp aiEc cos Uct + a ^ E mE c cos ( Uc + u„)t + a,E„E c cos (« e - «.)( 

179 nn 


"f - d\E m COS “4" 


a?El 


m 


+ cos 2 Um l + + ®i§ COS 2u c t (17-10) 


Assuming that o> c » « w and also that those frequencies which are not in 
the neighborhood of co c are eliminated by the use of tuned circuits, the 
only potentials which appear across the output are produced by 


ip ~~ a ' E ' cos <*ct -f a 2 E m E e cos (« 
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This may be written in the form 


i p — ci\E 



2a 2 Em 

1 -1-cos 

d\ 


OJmt ^ COS C0 c 


t 


(17-12) 


from which it is seen that the modulation index is given by 


m — 


2a 2 E 


m 


ai 


(17-13) 


The amount of modulated output available without appreciable dis¬ 
tortion in such a modulator as here considered is not great, and the 

efficiency is low. 

Owing to the fact that the plate circuit contains a parallel tuned rather 
than a pure resistance load, the foregoing analysis is not completely cor¬ 
rect—this despite the fact that the load is purely^resistive at or near 



17-5. Balanced Modulators. The use of a balanced modulator, 3 which 
possesses an appearance somewhat like the push-pull amplifier, auto¬ 
matically eliminates either the carrier or the modulating frequency, as 
well as many of the intermodulation frequencies. The circuit of the 
balanced modulator is given in Fig. 17-8. 


a 




Fig. 17-8. A balanced modulator. 



It is assumed that the two tubes are identical and that the circuit is 
symmetrical. The tube characteristics may be expressed by equations 
of the form 


ipi — d\e g i -f- die gl 

i P 2 — d \ e 0 2 + <12^2 


(17-14) 


But the input potentials have the form 


e gi = E e cos o) c t + E m cos w m t 


( 17 - 15 ) 
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Then the currents in the plate circuits become 

i P i = diE c cos (o c t + a\E m cos u m t + a 2 E~ cos 2 cj r t 

+ c os 2 w,„t + a->E c E„ cos (oj c + a > m )t 

+ a 2 E c E,„ cos (aj c - u m )t . - 

i P 2 = -a 1 E c cos c c c t + a , E m cos u-J + a , E: cos 2 coJ U1 

+ a 2 E 2 m cos 2 co m £ - a 2 E c E m cos (oj c -f a> m )/ 

— a 2 E c E m cos (a> c - a> m )£ 

If the bandwidth limitations of the output transformer are neglected, the 
output potential will be given by a constant times the difference of the 
plate currents. Therefore the output is given by the expression 

c = K(i pl - i p2 ) (17-17) 

If this is combined with the above, 

e = h (2aiE c cos u.\i -j- 4a»E c E„, cos a>„,/ cos u,t) 
which may be written as 


2Ka i E c ^1 -f- 2 E m ^ cos cj m l \ cos a ) c t 


( 17 - 18 ) 


In ceitain applications it is found advantageous to use a balanced 
modulator in such a manner as to eliminate the carrier. This is readily 
accomplished by interchanging the sources f m and f e in the diagram. 



/ 


When this is done, the output contains frequencies o> c -f- <*> m and cv c — o) m , 
with the carrier term Wc missing. Such modulated waves with carrier 
missing can be transmitted, as discussed in Chap. 1. The demodulation 
problem is more complicated than when the u> c term is present. This will 
be discussed in Chap. 18. Two circuits of balanced modulators which 
suppress the carrier are illustrated in Fig. 17-9. In these circuits, the 

LG circuit is approximately in resonance for all frequencies in the neigh¬ 
borhood of the carrier frequency co c . 

, ^“6* Single-sideband Suppressed-carrier Modulation. Suppose that 
^^^^Ppressed-carrier output from a balanced modulator wer 


* 
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through a suitable filter network so that one of the sidebands was 
eliminated. The resulting wave would be a single-sideband suppressed- 
carrier signal. The demodulation of such a wave is feasible, but, because 
of fundamental limitations, such modulated waves are limited in their 
application to commercial telephony. The system is used extensively 
in point-to-point commercial communications. 

In the case of signals for which the modulating signal frequency f m 
is small, the construction of narrow band-pass filters with sharp cutoff 
is difficult, A method for producing the desired results by phase shifting 
rather than by means of filters has been developed 4 by the Bell Telephone 
Laboratories. The essentials of this method are indicated schematically 
in Fig. 17-10. 



Fig. 17-10. A modulator for single-sideband suppressed-carrier signals. 


17-7. Shunt Modulator. The Heising, or shunt, modulator was also 
one of the early devices for producing amplitude modulation. The 
circuit of this modulator is illustrated in Fig. 17-11. Observe that the 
circuit associated with T2 is just a simple tuned amplifier which is biased 
to operate under class C conditions. The carrier signal is applied to the 
grid of this amplifier. The circuit associated with T 1 is a simple untuned 
power amplifier with a load consisting of the a-f choke and T2 in parallel, 
the bias E ce i being so adjusted that this circuit operates under class A 
conditions at the modulating frequencies f m . The effect of the amplifier 
T1 is to produce a varying plate potential to tube circuit T2. Hence 
in so far as T2 is concerned, the carrier signal e c is impressed in the grid 
circuit, and the modulating signal e m appears in the plate circuit. In 
essence, therefore, T2 is operating as a plate-modulated class C amplifier. 

A detailed analysis of this circuit is not warranted, owing to its limited 
practical importance. Such an analysis is relatively straightforward 
if it is noted that the effect of T1 is to cause the plate potential of T2 to 
be of the form e b = Eu, + E b cos o) m t. In so far as Tl is concerned, this 
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resistance load, which consists of the high reactance of the a-f choke 
shunted by the effective low resistance of the r-f stage. 

Such a modulating system as this can produce a 100 per cent modulated 

caiiier. Since the audio amplifier Tl serves principally to alter the 

effecthe plate potential to the r-f amplifier, and since a substantial 

portion of the power from the plate supply is absorbed by the Tl circuit, 

the system is quite inefficient. For this reason, it is suitable only for 
relatively low-level modulation. 



17 8. Linear Modulation. The general principle of modulation dis- 
cusst in the foregoing seel ion is very important, particularly if the carrier 
and modulating potentials are large, or if the operation occurs near cutoff. 
Such a situation exists when a class C amplifier is series-modulated, 
w lot or t ns modulation is applied in the plate circuit, the grid circuit, 
the cat hoc e circuit, or the suppressor circuit, if a tetrode or pentode is 
used. a carrier potential were introduced into the grid of a class C 
amplifier, and if the modulating potential were introduced into the plate 
circuit, t ion because » cc m , the variation in potential in the plate cir¬ 
cuit caused by the signal could he considered to be the equivalent of a rela- 
;ively slow ( diange in plate supply potential. If the output tank current 
is a linear function of the plate potential, for constant grid excitation, 
the output potential (which is a linear function of the tank current) would 

have the desired modulated characteristics. 

With the proper design and adjustment, the modulation characteristic 
of a class C amplifier is such that 100 per cent modulation with distortion 
as low as 2 per cent in a plate-modulated amplifier and as low r as 5 per 
cent in a linear grid amplifier may be attained. The distortion can be 
reduced below values bv the 


/ 

f 
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17-9. Plate-modulated Class C Amplifier. The basic circuit of a plate- 
modulated class C amplifier is given in Fig. 17-12. It will be observed 
that it is essentially the circuit of the class C amplifier except for the 
introduction of the source of modulating potential in the plate circuit. 
The modulation characteristic of such a plate-modulated amplifier is the 
plot of the tank current as a function of the plate supply potential. The 



FlG ' . 17 :13. (a) The ideal plate-modulation characteristic. (6) The modulation char¬ 
acteristics, showing the effects of load impedance. 



* Fig. 17-14. The conditions during plate modulation. 


ideal plate-modulation characteristic is illustrated in Fig. 17-13<z. Gen¬ 
erally the situation is more nearly like that illustrated in Fig. 17-136, 
which shows the effect of tank impedance. The more nearly straight the 
lines, the less the modulation distortion. A high value of tank impedance 
yields the smaller distortion, but the power output is also smaller. 

If the frequency of the modulating signal is low compared with the 
carrier frequency, the impedance of the tank circuit at the modulating 
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are not appreciably affected by the modulating frequency, and the plate 
and tank currents will follow the characteristics shown even when 
varies at the modulation frequency. 

Suppose therefore that the carrier potential of angular frequency w c is 
modulated by a modulating potential of frequency w m . The behavior of 
the circuit is that illustrated in Fig. 17-14. 

To analyze the modulation process, it will be supposed that co c ^w«- 
The grid-circuit potentials are, respectively, 


and 


6q E gm COS 0) c t 

e c = E am cos a ) c t + E cc 


(17-19) 


If the modulating potential in the plate circuit is written in the form 


E mm cos co m t 


(17-20) 


the resulting relatively slowly varying plate potential has the form 

e bb = E hb + E mm cos a ) m t (17-21) 

This may be written in the form 

e bb = E bb (l + m cos <a m t) (17-22) 

where m } the modulation index, is given by the ratio 



(17-23) 


It should be noted from the curves of Fig. 17-13 that the rms tank 

current and the d-c plate current are related to the plate potential by > 
expressions of the form 


It — kr€ bb 
lb — k b c bb 

I bb — khEte 

By combining Eqs. (17-24) with Eq. (17-22), it follows that 


It — krEbhiX + m cos co m t) 
lb = tc b E bb (l -f- m cos a> m t) 
lb = Ibb( 1 + m cos c o m t) 


(17-24) 


(17-25) ^ 


Also, corresponding to the rms tank current, the instantaneous tank 
current i T will be chosen of the form 


i T — \/2 I T sin cv c t 


(17-26) 


This may be expressed in the form 
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But the output potential cl that appears across the tank circuit is given 
with good approximation by 


E l = jX L I T = X L I T / 90 


(17-28) 


Therefore 


cl = 


\/2 X l It sin (u c t -f 90) 

y/2 X L k T E bb (\ -f m cos a ) m t) COS a ) c t 


(17-29) 


The corresponding plate-cathode potential of the tube is 


€ b = e bb — cl 


which is 


e b = Ebb(l -f m cos aj m 0(1 - V2 X L k T COS a ) c t) 


(17-30) 


Also, from the discussion in Secs. 12-2 and 12-3, the plate current is given 

by 


Ipi = 


El . • XlIt • It Ii 


R o 


= J 


R o 




The instantaneous plate current has the form 


l v i — 


V2 


Q 


krE bb (l + m cos c c m t) cos c o c t 


(17-31) 


Likewise, it follows from the curve of Fig. 17-13 and Eq. (17-25) 

I b = I bb ( 1 + m cos o) m t) (17-32) 

The above information may be used to analyze the performance of the 
modulated amplifier. 

^ The average power supplied by the d-c plate power source is 

T 


R bb 7 


1 




m 


0 


Rbbl b dt 


(17-33) 


where T m is the period of the modulating cycle. This expression may be 
written as 

T„ 


1 


Ebb — 7TT I E bb I bb (l 4- 771 COS CO m t) dt 
* m J 0 


^This integrates to 

R b b = E bb I bb = k b El b 
The power input by the modulating source is 

1 [ Tn 

Em 3=1 r/i I C m I b dt 

1 m JO 

This becomes 


(17-34) 



E mm COS a ) m t I bb {\ + 771 cos a > m t) dt 
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which integrates to the form 


Pm = Em ml 


T VI - p m 

mm-L bb r-w — I bb 


(17-35) 


Clearly, for 100 per cent sinusoidal modulation, the modulating source 
must deliver one-half as much power as the d-c plate power supply. 
This requires, of course, that the modulating source must be an amplifier ► 
of large power capacity for a large power output. 

The a-c power output at the tank circuit is given by the expression 


This becomes 


1 /*- . i fT m 

Pl ~ T\n Jo CLlpl dt = T~ m Jo RoPpl dt 


(17-36) 


P L =^- 2 Ii 

1 m JO 


( krP i,b\ 


— J (1 + m cos u > m ty cos 2 u c t dt 


Consideration must be given to the fact that averaging over the audio i 
cycle is being carried out, during which time the term of carrier frequency ( 
is varying rapidly, since » ui m . It, is implicitly assumed, therefore, 
that the net contribution to the average (the area under the appropriate 
curve) by the cos 2 u c t = (1 + cos 2u c t)/2 term is the factor K, the trigo¬ 
nometric term at carrier frequency undergoing many cycles during the 
slow audio-cycle period, yielding a negligible contribution. 

By performing the indicated integrations, 


p, - *. (tf*)' ( 


1 + 


This may be reduced to the form 

p _ Rok-T p 

L ~ QW b 1 bb 


i + 


(17-37) 


It may be concluded from this that the d-c plate power supply furnishes 
the power to produce the carrier wave and the modulating amplifi er 
furnishes the power to produce the sidebands in the output. 

The plate-circuit efficiency of the modulated amplifier is given by the 
expression 

77 = Pl _ (17-38) 


which becomes 


Pl 

+ P 


V = 


7?oA- 2 /VI + my2) 

Q 2 kb /VI + my 2) 




or 
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This result shows that the plate-circuit efficiency is independent of the 
degree of modulation. Therefore one may calculate the efficiency from 
considerations of the unmodulated amplifier as a simple class C device. 
To find an expression for the power dissipated in the plate of the tube, it is 

s evident that 

^ Pp = Pbb Pm — Pl 

which may be written in the form 


P p = Pbb(l — v) ( 1 + 


o 

m- 


(17-40) 


Consider the results when the modulation index m is zero. The fore- 
going become, in this case, 


Pbb = hEl 


bb 




Pl = yPbb 

P p = (1 - n)Pbb 

Rohr 

71 ~ Q 2 k b 


(17-41) 


3 By comparing these expressions with the corresponding expressions when 
j! m is not zero, it is observed that the addition of modulation increases the 
’ J* plate dissipation. This requires that a given tube when operated under 
modulated conditions must be operated with a reduced plate potential 
and current, if a specified maximum allowable plate dissipation is not 
to be exceeded. That is, since the input power to the plate circuit is 
p u _|_ then, for a given plate-circuit efficiency jj p , the losses are 
^creased. For a specified maximum allowable plate dissipation P p , it 

is then necessary to reduce Pm + Pm- 

s In order to design the modulating amplifier, a knowledge of the effec¬ 
tive impedance across the secondary terminals of the output transformer 
, of this amplifier is needed. This will permit a specification of the turns 
ratio of the modulating transformer in order to reflect the optimum value 
of impedance into the plate circuit of the modulating tubes. This imped- 
$ ance is readily obtained by observing that the plate impedance is sub¬ 
stantially resistive and must be given by 


Pm = 


El 


E 2 

^ mm 


/2 


E 


bb 


= f = R b 

k b 


(17-42) 


Pm Ernrnhim/ 2) I b 

This shows that the effective impedance is independent of the modulation. 

The plate-modulated amplifier is used extensively in radio transmitters. 
It has the advantage that modulation without excessive distortion is 
possible in practice by reasonably simple methods. Also, it operates 
at high efficiency and is relatively easy of adjustment. It has the dis- 
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advantage that a comparatively large amount of power at the modulating 

lequency is required. The resulting cost of the heavy and bulky modu¬ 
lating equipment is sometimes greater than that of other methods. It 
might be of interest to know that the two modulating transformers at 

the 500-kw radio station WLW 
weigh approximately 19 tons each * 



Fig. 17-15. A grid-bias modulated class C 
amplifier. 


and that an audio choke weighs 
12 tons. 5 

17-10. Grid-bias Modulation. 

Amplitude modulation may be ac¬ 
complished by connecting the 
modulating source in the grid 


r 


instead of the plate circuit. 1 he basic circuit of such a grid-bias mod¬ 
ulated amplifier is illustrated in Fig. 17-1.5. Typical linearity curves of 
such an amplifier for several different conditions are illustrated in the 

curves of Fig. 17-16. The general character of the operation is illustrated-’ 
graphically in Fig. 17-17. ’ 



A i IjiCr-ms) 




co c t 




♦ 


co~t 


* 


^ 1 ' Conditions for 100 per cent modulation in a grid-bias modulated class C 
amplifier. b 

To analyze the operation, the procedure is essentially parallel to that of 
Sec. 17-9 for the plate-modulated amplifier. It is assumed that the 
modulation characteristic is linear and that cj c ^>> o> m . The carrier signal 
is chosen of the form 

e 0 = E om cos a ) c t (17-43) 





r 
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and the modulating potential is of the form 




6m — Emm COS CC m i 


mm 


(17-44) 


e 

* The total grid-cathode potential has the form 


.•~4T 
0- 

the slowly varying grid component being specified as 

* 


> 


e c = E 0 m COS 0 0 c t -f Emm COS (J) m t + E 


cc 


(17-45) 


e cc = Emm COS O ) m t + E 


CC 


(17-46) 

Over the linear range of operation, the analytic form for the rms tank 
current is 


It = kriCcc d - E o) (17-47) 

Also, if the instantaneous value of the tank current is chosen as 


V2 


this may be written as 


V2 


or 


i T = y/2 k T (E mm cos u m t + E ec — E o) sin o) c l 
But when the modulation is zero, the tank current has the form 


(17-48) 


V2 


(17-49) 


which may be written as 

It — ITm sin G) c t 

^vhere Ir m = kriEcc 

Note that, when the modulation exists, the value of the tank current 
at the peak of the modulating cycle 


is 


E Tm = y/2 k T (Emm + E cc - Eo) 

(17-50) 

The conditions are best examined 
' ^graphically as in Fig. 17-18. 

^ Clearly, the degree of modulation 
is seen to be 



Fig. 17-18. The tank current during 
grid-bias modulation. 


m 


Irm - I 


• 1 Tm 


Tm 


(17-51) 


which may be written as 


Tm 


m 


A/2 


mm 


+ E cc - Eo) - V2 k T (E ee - Eo) 


y/2 kT(E cc — Eo) 



564 


ELECTRON-TUBE CIRCUITS 


(Chap. 17 


which reduces to 


m = 


mm 


E cc - E, 


(17-52) 


By combining Eq. (17-52) with Eq. (17-48), the instantaneous tank 
current assumes the form 


It = V2 k T [(E cc - E a )m cos c o m t + (E cc - E 0 )] sin a , c t 


which is 


it a/2 k T (E cc — E 0 )( 1 + m cos co m t) sin a> e t 


(17-53) 


In an entirely parallel way, it is possible to derive for the plate circuit the 
expressions 

A — .kb(e cc — Eq) 

I bb = k b (E cc - E 0 ) * 

which may be written as 


I b k b (E cc — E 0 )( 1 + m cos co m t) 
= I bb (l -f- m cos (a m t) 


(17-55) 


The potential across the tank circuit is 


which is 


jX L I. 


El jX L /: T (E cc — E 0 )( 1 -f m cos uj m t) ( 

Therefore the instantaneous potential across the tank circuit is giv 

P T = A /o V. 7. / ZT V , - . -- 


(17-5 


en 


V2 


or 


£o)(l -f- m cos <a m t) sin (a ) c t -f- 90) 


ii 


e L y/2 X L k T (E cc — Eq)( 1 + m cos a > m t) cos a> c t (174 

It is now possible to complete the analysis of the circuit. 

Expressions for the various important values of power in the circ 
are rea i y o tained. The average power input to the plate circuit by i 
d-c plate supply, over the modulating cycle, is 


This becomes, by Eq. (17-55) 


CTm 

J EbiJb dt 


which integrates to 


-rf 

1 « JO 


T m 


Ebbl bb {l + m cos u>mt) dt 



(17-58) 


Ebb — Ebbl bb 
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Since this result shows no dependence on the modulation index m f it 
follows that the plate supply power is independent of the degree of 
modulation. 

The average output at the tank circuit is given by 





etip\ dt 


Jr \ T " dt 

1 m J 0 


which becomes, by Eq. (17-53), 


P L = ~ f r ~ (E" - Eo)\l + m cos a ,jy sin 2 o> c t dt 

1 m JO 

The problem that exists here in examining the effect of the term of carrier 
frequency when integrating over the modulating cycle is the same as that 
discussed in connection with the comparable integration of Eq. (17-36). 
Similar reasoning allows the present integral to be evaluated. The 
integral yields 

Pl = (E cc - EoV (l + %) = PtR (l + y) (17 ‘ 59) 

where R is the effective series resistance in the tank circuit. This shows 
w that the r-f power increases with percentage modulation. 

The plate-circuit efficiency of the modulated amplifier is given by 

Pl _ (Rok 2 T /Q 2 )(E ce - Eo) 2 (l + m 2 /2) 
v P bb ~ EMEce - e 0 ) 

which becomes 

- - ir . <£ - - *•> (' + ¥) (17 - 60) 

This expression shows that the plate efficiency increases as the modula¬ 
tion index increases. To realjze the highest efficiency for a given modu¬ 
lation index (= 1) it is necessary that the quantity E ce — E 0 be made as 
large as possible. This requires that the load impedance of the modu¬ 
lated amplifier be so adjusted that the peak amplitude of the output wave 
v is only slightly less than the d-c plate supply. 

- The plate dissipation of the tube is given by the expression 
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It should be noted that the plate dissipation decreases as the percentage 
modulation increases. Clearly, therefore, the plate dissipation is a 
maximum when the amplifier is unmodulated. 

Grid-bias modulation has the advantage that only a small amount of 
modulating power is required. However, the carrier power that is 
obtainable from the amplifier is approximately one-quarter of that from - 
the same tube when operating as a simple class C amplifier. This is so 
because the peak power of the modulated amplifier corresponds to class 
C operation, and with a completely modulated wave the peak current is 
twice the unmodulated current and the corresponding peak power is four 
times the unmodulated, or carrier, power. Also, the plate efficiency 
during the unmodulated intervals is approximately one-half the efficiency 
obtained with simple class C operation. This results from the fact that, 
if the amplifier is so adjusted that the plate potential is small at the crest 
of the modulation cycle, then, when there is no modulation, the potential 
across the load is halved. I his results in a high potential across the ^ 
tube, with a corresponding large plate loss. As a result, the plate-circuit 
efficiency in the absence of modulation is of the order of 34 per cent. 
During 100 per cent modulation by a sinusoidal signal, the r-f power 
output increases by a factor of K, and the plate-circuit efficiency increases 
to approximately 51 per cent. 

It is interesting to compare the operating features of a plate and a grid- 
bias modulated amplifier. These are 

Grid-bias modulated amplifier: 

Relatively low plate efficiency. y 

Low power output in proportion to the capabilities of the modulated * 
tube. i 

I 

Low grid-modulating power. 

Plate-modulated amplifieri I 

Large power output in proportion to the power capabilities of the 

modulated tube. I 

Large modulator power. 

In c onsequence, the over-all efficiency, considering both the modulating ^ 
and the modulated tube capabilities, is roughly the same. The choice 
between the two methods of modulation is largely one of convenience, 
since both methods of modulation will give sensibly 100 per cent modu¬ 
lated waves with low distortion, although it is more difficult to achieve a 
linear modulating characteristic with control-grid modulation than w'ith 
other modulation methods. The circuit adjustments are more difficult 
with grid-bias modulation, as they are sensitive to variations in the carrier 
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exciting potential, the plate supply potential, and the magnitude of the 
tuned load impedance. Despite these difficulties, control-grid modula¬ 
tion is used in high-power television transmission, since a plate modulator 
would be very complicated, in view of the width of the frequency band 
required for this TV service. Control-grid modulation is generally used 

' in the last r-f stage. 

17-11. Cathode Modulation. A modulated output wave is produced 
if the modulating potential is introduced into the cathode of the amplifier. 
The basic circuit for cathode modulation is given in Fig. 17-19. It 
should be observed that in such a circuit the modulating potential appears 
in both the plate and the grid circuits. Consequently, it is to be antici¬ 
pated that the characteristics are a combination of those of the plate- 
l modulated and the grid-bias modulated amplifiers, with a plate efficiency 
5 and modulating power requirements intermediate between the corre- 
- sponding requirements for the plate-modulated and the grid-bias modu- 
LMated amplifiers. 





Fig. 17-19. The basic circuit for cathode modulation 


- The proportion of plate relative to grid-bias modulation can be increased 
trf by increasing the modulating potential E mm and making the grid bias large 
(by increasing R g ). By reducing the grid-bias potential, a smaller modu¬ 
lating potential will have a greater influence in the giid circuit, and the 
system becomes more nearly of the grid-bias modulated type, 
lie The plate-circuit efficiency of such a cathode-modulated amplifier 
should lie between the roughly 40 per cent of the grid-bias modulated 
amplifier and the roughly 70 per cent of the plate-modulated amplifier. 
Also, the power requirements of the modulator will lie between the 
pg ^ ^roughly 5 per cent of the output power for the grid-bias modulated 
d amplifier to the 50 per cent of the output power for the plate-modulated 

i amplifier. The conditions which prevail will depend on the relative 

u- potentials at various points in the amplifier, the percentage modulation, 

i and the degree of linearity of operation. 

ii An interesting point to be noted is that the carrier excitation potential 
t E gm is approximately half that required to operate the circuit as a simple 
r class C amplifier to full output, and the grid bias is usually much greater 
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than the normal class C bias. This means, of course, that the amplifier 
is being only lightly driven. 

17-12. Other Methods of Modulating a Class C Amplifier. If a pen¬ 
tode is employed, the modulation potential may be applied in the sup¬ 
pressor-grid circuit. The general characteristics of such a suppressor- 
grid modulated class C amplifier are similar to those for control-grid 
modulation. However, adjustment of the amplifier is simpler. Fairly 
linear modulation up to 100 per cent may be obtained. 

Suppressor-grid modulation possesses the unusual feature that the 
modulation characteristic lies wholly within the region of negative sup¬ 
pressor potential. The suppressor-grid current is substantially zero; 
hence the modulation power is zero. 

Modulation may be accomplished by injecting the modulation in the 
screen circuit of a tetrode or pentode. Some power is required from the 
modulating source, and 100 per cent modulation usually cannot be 
achieved without some distortion. 
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PROBLEMS 

17-1. The equation of a modulated wave is 

e = (15 + 10 sin 3,000* - 8 cos 10,000*) cos 2tt X 10 H ^ 

a. What frequencies are contained in the modulated wave? i 

b. What is the amplitude of each? ] 

17-2. Carry out the analysis to show that amplitude modulation results in a 
square-law circuit when the carrier potential is applied in the grid circuit and the 
modulating potential is applied in the plate circuit. 

17-3. A shunt modulator using a bridge connection which requires no trans¬ 
former is illustrated.* 


a. Derive an expression for the signal to the load Ri. 

b. If w, = what is the output? 
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17 - 4 . Prove that the carrier term is missing in balanced modulator of 1‘ ig. 17-9. 
17 - 6 . The balanced modulator of Fig. 17-9a is used for carrier suppression. 
In this circuit, the potentials applied are the following: 

e c = E c cos a ) c t 
e m = E m cos c o m t 

with and with E„ = 0.5 E e . Assume that the transconduetance g m 

varies linearly with grid potential. 

a. Obtain an expression for the output potential from the modulator. 

b. Plot the envelope of this potential. , - 

17 - 6 . Suppose that a band-pass filter is connected in the output of I rob. 17-5 

of such characteristics that the lower sidebands are eliminated. 

a. What is the expression for the resulting output? 

b. Plot the envelope of this wave. 

17 - 7 . An ideal diode for which r, = 1,000 ohms in the forward direction and 
r v = oo in the inverse direction is used as a modulator. There are applied to this 

circuit the two potentials 

e = E c cos o) c t E m cos co m t 

Jfc 

'with (J) c » 0 )m and with E m = 0.5 E c . 

а. Determine the amplitude of the component of current of angular frequency 

Wc — (j)m • . 

б. Repeat for the component of frequency 

Hint: The effect of- the diode is to permit conduction for one-half of each 
modulating cycle. It therefore may be represented as a square wave with unit 

amplitude during half of each cycle of oj m . 

17 - 8 . Repeat Prob. 17-7 for the case where the single diode is replaced by 

four diodes connected in a bridge circuit. 

17 - 9 . A type 851 power triode operates with a bias of —300 volts and with a 
'peak r-f signal of 525 volts. The load impedance R Q = 1,500 ohms. Determine 
and plot the a-c plate potential across the tank as a function of the d-c plate 
supply potential, for the following values of plate potential: Eu, = 500, 1,500, 
2,500, 3,500 volts. 

17 - 10 . Repeat Prob. 17-9 for R 0 = 1,000 ohms. 

17 - 11 . An 851 triode is used in a plate-modulated class C amplifier. It oper¬ 
ates with a bias of —300 volts, a peak r-f signal of 525 volts, and a plate supply 
E b 6 = 2,000 volts. When e» = E », the peak plate swing is 1,750 volts. Deter¬ 
mine the plate-current waveforms at the values of ebb = 1,000, 2,000, 3,000 volts. 
17 - 12 . A type 891 r-f power triode has the following ratings as a class C oscil- 
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D-c plate potential... 

D-c grid potential_ 

D-c plate current. 

D-c grid current. 

Grid driving power... 

Power output. 

Peak r-f grid potential 


10,000 volts 
— 2,000 volts 
1.45 amp 
0.105 amp 
310 watts 
10 kw 
2,900 volts 


If the plate dissipation is the only limiting factor, determine the corresponding 
ratings of the tube for class C telephony, allowing for 100 per cent plate modula¬ 
tion. When plate-modulated 100 per cent, determine: 

а. The audio power required. 

б. The impedance offered to the audio source. 

c. Power output. 

d. Plate-circuit efficiency. 

V 

17 - 13 . An 852 transmitting triode has the following ratings as a plate-modu¬ 
lated r-f amplifier under carrier conditions that allow for 100 per cent modulation: 


D-c plate potential... 
D-c grid potential.... 

D-c plate current. 

D-c grid current. 

Peak r-f grid potential 
Grid driving power... 
Power output. 


2,000 volts 
-500 volts 
67 ma 
30 ma 
750 volts 
23 watts 
75 watts 


The amplifier is sinusoidally plate-modulated 75 per cent. Determine: 

a. Audio power required. 

b. Impedance offered to the audio source. 

c. Plate efficiency. 

d. Average plate dissipation. ! 

e. Grid dissipation at the tube terminal. 

If the amplifier were unmodulated, what would be the maximum allowable j*, 
r-f power output, assuming that the plate dissipation is the limiting factor, and f 
that the plate-circuit efficiency remains constant? 

17-14. The results on a plate-modulated class C amplifier are given in the 
figure. Suppose that this modulated amplifier is operated at 1,600 volts d-c, 
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with 75 per cent modulation. Assume a constant plate efficiency of 60 per cent. 

Calculate the following: 

а. The power supplied by the d-c plate source. 

б. The power supplied by the audio source. 

c. The r-f carrier power. 

d. The r-f sideband power 

e. The resistance of the class C amplifier to the modulating source. 

f. The maximum and minimum instantaneous voltage between plate and 

cathode when the carrier is unmodulated. 

g. Repeat (/) for m = 0.75. 

17-16. The essential elements of a plate-modulated class C amplifier are illus¬ 
trated in the diagram. The tubes are operated under the following conditions: 

843 tube: 6N7 tube: 

f c = 1.2 Me En = 300 volts d-c 

Em = 350 volts d-c Effective plate-plate resistance 8,000 ohms 

h = 30 ma d-c 


-4 Impedance of 843 tank circuit at 1.2 Me is 10,000 ohms. 

Effective Q of 843 tank is 15. 

The carrier output is to be 5 watts 100 per cent modulated. 

Calculate the following: 

a. The plate-circuit efficiency of the 843. 

b. The power required from the 6X7. . 

c. The load impedance presented by the 843 to the secondary of the modulating 

transformer. 

d. The transformer ratio that should be used. 

e. If the output is to be down 1 db 5,000 cycles off resonance, what must the 
effective Q of the 843 tank circuit be? 

/. The value of C. 

g. The approximate value of the r-f choke RFC. 

* h. With a loaded Q of 15, calculate the value of L and C of the 843 tank circuit, 
t’ if the actual resistance in the 843 tank is 5 ohms, how much resistance is 

coupled into this tank from its load? 

j. What is the efficiency of power transfer from the tank to the load? 



“/SO 


17-16. An 806 tube is to be used as the plate-modulated class C power amplifier 
of a transmitter. It operates from a 2,500-volt power supply. Carry out the 
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design of this and the associated transformer-coupled class B modulator. The 
design must fulfill the following specifications: 

a. The plate dissipation is not to exceed 150 watts. 

b. The transmitter is to be plate-modulated 70 per cent. 

c. The distortion in the modulating envelope is not to exceed 10 per cent. 

d. The transmitter frequency is 2 Me. 

e. The gi id bias may be obtained with grid leak, fixed bias, or a combination of 
both. 

/. Specif} the plate supply potential, grid bias, and excitation potential. 

g. The output is to feed a 76-ohm antenna. 

h. Specify the primary inductance, secondary inductance, tuning capacitance, 

and mutual inductance. Assume that the unloaded Q of the coils is 300 and 
that the loaded Q is 12. 

i. Give the modulation-transformer requirements. 

Re suie that an\ assumptions that are made are clearly stated. 

17-17. The characteristics of an S02 tube when used as a grid-bias modulated 
class C amplifier are given in the sketch. Calculate for m = 1.0 the following: 

a. The power supplied by the d-c source. 

b. The r-f carrier power. 

c. The sideband power. 

d. The plate efficiency. 

e. The plate dissipation. 

/. The maximum and minimum instantaneous potential between cathode and 
plate when the carrier is unmodulated. 

g. Repeat (/) for in = 0.75. 

h. W hat is the amplitude of the a-f signal to achieve the desired degree of 
modulation? 

i. What is the a-f driving power? 

j. What is the grid-cathode power loss? 

Choose Hl = 12.6 ohms; Q = 26.5. 
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17-18. Consider a class C amplifier that is modulated 100 per cent. Assume 
ie output power to be 1.000 watts. Assume reasonable values of plate-circuit 
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efficiency for each of the tubes involved, and calculate (1) the total power required 
by the modulated tube, (2) the total power required by the modulator tubes, 
and (3) the over-all plate-circuit efficiency when the amplifier is: 

a. Plate-modulated, using a class A modulator. 

b. Plate-modulated, using a class B modulator. 

^ c. Grid-bias modulated. 

Repeat the calculations for zero per cent modulation. 


CHAPTER 18 



18-1. Introduction. When a radiated modulated carrier signal reaches 
the receiving point, the signal, or intelligence, must be extracted there¬ 
from. The process by which the signal is recovered from the modulated 
wave is broadly known as demodulation or detection 

Before considering methods of detection, it is desirable that the 
processes of modulation and demodulation be reviewed. As already 
iscusse in la P- 17, the process of modulation may be considered to 
be one in which the signal frequencies a>„„ which are specified relative to 
the zero-frequency reference level, are shifted upward on the frequency 
scale and the sidebands are symmetrically disposed about the carrier 
requency u c . is frequency shifting is accomplished by mixing the 
signa requency group, centered about the zero frequency, with the 
carrier frequency in appropriate multiplying circuits. The existence of a 
nonlinear characteristic is essential in the modulator in order to effect 
the mixing or multiplication of the two waves. * . 

In the process of demodulation the signal spectrum, which is centered ' 

a ou w c , is s l e ownward on the frequency scale so that it is centered, 

once again, relative to the zero-frequency level, thus returning it to its i 

origin a requency position. This frequency shifting is accomplished by 

mixing e signa -frequency group which is centered about the carrier 

requency wit the carrier frequency co c in appropriate multiplying 

circui s. e existence of a nonlinear characteristic in the*demodulator 

is essen la in or er to effect the mixing or multiplication of the two 
waves. + [ 

Observe, therefore, that both the modulating and the demodulating y 
processes invo ve frequency shifting; both frequency shifts are by an 
amount w c , an both processes are accomplished in circuits which possess 
nonlinear characteristics, in order to effect multiplication of the waves. 

u aC \ Sim ^ ar c ^ rcu *f s are used in certain cases for both processes, j 

at oug certain essential differences exist. In the modulating process | 

e carrier signal is generated in one channel, and this is combined in the 
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channel. In the demodulating process, the required carrier wave is 
ordinarily contained in the incoming modulated carrier, and no separate 
carrier-generating circuit is necessary. Of course, if the carrier is missing 
from the incoming wave, as is true in suppressed-carrier transmission, it 
is necessary that a separate locally generated carrier be made available 
> if the original signal frequencies are to be extracted. This matter will 

be discussed later. 

It is customary to consider frequency changing, which is the process 
of eliminating the original carrier from the modulated signal and sub¬ 
stituting for it a new carrier, as demodulation. In essence, therefore, 
frequency shifting in which the signal frequency does not play a direct 

part is also classified as demodulation. 

18-2. Plate Detection. Detection is possible when a modulated poten¬ 
tial is applied to the grid of a tube which is biased to the nonlinear portion 
of its transfer characteristic. The general features of such plate detec- 
jl tion are made evident by an examination of Fig. 18-1. 1 he output curve 



1 



9 



Fig. 18-1. Sketch showing the operation of a square-law detector. 


IS 

clearly shows the presence in the output of a component that varies 
K at the modulating frequency rate. Of course the h-f carrier component 
i aust be eliminated, but this is readily accomplished by using an appropri- 
\y placed low-pass filter in the circuit. 

0 , To examine the operation of the circuit analytically, it will be supposed 

hat the transfer curve with respect to the operating point is a simple 
S square-law characteristic of the form 


i P = ael 


(18-1) 


Suppose that the signal is an a-m wave of the form 

e 0 = E e ( 1 4- m cos co m t) cos c c c t 


(-*- 12 ) 
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Then the output current will contain the terms 


It, = 


a El(l + m cos a ) m ty cos 2 co c t 
aE 2 

~2 (* + m cos « m 0 2 (l + cos 2c o c t) 


= aE 2 


m 


I + m cos u> m t + ^ cos 2u m t 

z 44 

1 


m 


+ ^ cos 2c o c t + ^ cos (2cj c + a ) m )t -f — cos (2w c — co m )t 


Tu¬ 


rn- 


+ -j- cos 2« e * + — cos (2a> c + 2co m )f 


m 


+ '-E- cos (2 oj c - 2co m )^ 

O 


(18-3) 


Clearly, there will he included in the output a number of steady com¬ 
ponents, a term of modulating frequency, a number of components of 
frequencies equal to the sums and differences of the carrier and side fre¬ 
quencies, and a number of components of twice the carrier and side 
frequencies. 

Suppose that a selective network is used which attenuates all com¬ 
ponents except those in the neighborhood of the modulating frequency 
ihe terms that appear in the output will then be 




CO 


m* 


y 


ip = am El ( cos 


m 


Umt + - cos 2 0 ) m t 


(18-4) 


\ ic i consists o t e desired term plus one of second harmonic of this 

requency. t e second-harmonic amplitude is to be kept smaller than, 

V , ^. er cen ^ ° * e fundamental, it is necessary that the modulation 
index be less than 0.4 for sinusoidal modulation. Despite this limitation, 

if r GC f i ia ^ 6 ^ een Usec * extensively with generally satisfactory 

™i Pr0b f a y bCt ; aUS ° thG avora S e modulation of the ordinary radio 
program is of the order-of 40 per cent. 

It is of intdest and significance in subsequent work to examine those 

?!? nS r h0 ° ( I tJle secon d harmonic of the carrier 2a) e , 

mi °+ U ^ 1CSe rCSU * S ai ° no ^ °f importance at this particular point. 

1 he terms are 


( 


t 


/ r !•> 
i; 

72 = V 


1 4- 


?n 2 \ 

2 ~) cos 


t 4- m cos (2 oj c 4- u m )t 4- m cos (2o> c — u m )t 
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modi 
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4- cos (2co c 4- 2a ) m )t 4- -j cos (2a> c — 2a> m )t 
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e b = E c {\ + m cos a > m t) cos w c t — E a 

which is written for convenience as 

e b = E' cos w c t — E a (18-9) 

where E' is the instantaneous amplitude of the modulated carrier and 
Ea is the average value of the rectifier carrier signal and appears across 



Fig. 18-5. The approximate action of a diode detector. 


the capacitor. The plate current will be of the form 



ib = 9p(E' cos w c t — Ea) e b > 0 
4 = 0 < 0 


(18-10) 


The shift from one equation to the other occurs at the angle 6, which is 
that angle defined by 


E ' cos w c to = E' cos 6 — E a 


(18-11) 


The instantaneous current 4 will contain a number of harmonic com¬ 
ponents, but those of interest are the d-c or average component and the 
a-c term at the driving frequency. The d-c component of 4 is given by 

'* - h r « 


which is, because of the symmetry that exists, 


This may be written as 


h = - 


0 



g p (E r cos 6 - Ea) dd 


(18-12) 
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A = - (E' sin 6 - 


IT 


E a e) 


(18-13) 


This becomes, by Eq. (18-11), 


Ib = ~ E'(sm 8 - e cos 8) 


(18-14) 


Also, it is initially assumed that 


Ea = I„R 


By combining Eqs. (18-14) and (18-13), there results 


from which 


I Ea = E' cos Q _ g p E' . 

R R -— (sm 6 - d cos e) 


(18-15) 


1 


# = ~ (tan 6 — d) 


(18-16) 


bei nlT V hat th<?re is a direct fractional relationship 

SS era ‘r 6 6 and the rati0 of the P’ ate resistance of the 
o r /, L v " n’ K anCe ' An 6XpIicit ex P res sion for , as a function 

lie dltZt?’ t ’ U V hG informati on may be given graphically, 
of the a 10)1 ^ cieac y 0 the diode detector is defined as the ratio 

Thlis " ° f thC l0ad P ° tential E - the peak a-c input E>. 


V = 


__ 


E. 


E' 


= cos 6 


(18-17) 




This may be written, by Eq. (18-15), as 

R 




v = 


7r r 


(sin d — 0 cos 0) 


(18-18) 


aS a / UnCtion of the ratio R/r p . Clearly, therefore, 
a specified ratio r^R*' l** Specified choice of diode and load, i.e., for 

circuit, the conduction an.lf /h " * °° nSt ? nt 

Thic monno , lglG * ls hkewise a constant for the circuit. 

or thp om it . C °^, rse? *kat 9 is independent of the degree of modulation 
or the amplitude E c . 6 

Iw-rJ 16 e ^ c i°ncy is readily computed for the case when the 

r f i^ SS ° r °?v ca P ac ^ or is not used, i.e., for the average detector. 
In this case, the output potential is given by Eq. (18-7) and is 


E n = 


R 



E c ( 1 + m cos 03 m t) 


(18-19) 
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when the peak value is 

E' = E c ( 1 + m cos u)mt) (18-20) 

The detection efficiency is the ratio of Eq. (18-19) to (18-20) and is 

_ _ R / t * _ (18-21) 

v ~ x(l + R/r,) 

The detection efficiency for this case is seen to approach 1/ir as a maxi- 
mum value. 


(18-21) 
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Fig. 18-6. Various important terms in the analysis of diode detectors 
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• Fig. 18-7. Variation of the detection efficiency with uRC as a parameter. 

It is possible to compute 2 the values of detection efficiency for values 
of C between the value specified as wRC = 00 in Fig. 18-7, as specified 
in Eq. (18-18), and the value coRC = 0, the value specified in Eq. (18-21). 

hown in Fig. 18-7. The designer’s 
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problem is to choose as large a value of C as possible, consistent with no 
diagonal clipping (see Sec. 18-5). The other curves of Fig. 18-7 will be 
discussed later. 

Another quantity of importance in detector operation is the power 
absorbed by the detector, or the power loss in the diode circuit. To 
evaluate this requires a knowledge of the fundamental-frequency com¬ 
ponent of the current. The maximum value of the current is given by 
the Fourier coefficient 

1 f 2w 

Ipim — ~ / ib cos c ot d(o)t) 
if Jo 


This becomes, writing a as the parameter of integration, 


o 


Ip lm ~~ ~ J Q cos a ~ E a ) cos a da 

which integrates to 


(18-22) 


plm 


or 


_ 2 g p E' (Q , 1 . . \ 

~ ~ l 2 ' 4 sm 20 — sin 6 cos 6 J 


j _ 9 pE' 

plm — - 


7r 


(0 — sin 0 cos 6) 


(18-23) 


The power input to the diode and its load is 

1 f T 

P — J ei b dt 

P = E>1 ^ _ 9pE” 

2-2— ^ ~ sin ^ cos ^ 


(18-24) 


The effective resistance of the diode circuit is defined by the relation 

E' 2 


Re = 

which may be written as 


2 ^ g P {0 — sin Q cos 6) 


(18-25) 


= r p f3 

0 = -- JL - (18-26) 

0 — sin 6 cos 6 v ' 

That is, the effective resistance in parallel with the capacitor due to 
the loss in the diode circuit is equal to Sr n A plot of 3 is also contained 
in Fig. 18-6. 

By combining Eqs. (18-26) with (18-16), an expression for the equiva¬ 
lent resistance that shunts the diode input circuit is possible. This is 

Re _ Re Tp tan 6—6 
R r p R 6 — sin 6 cos 6 

This expression is plotted as a fnnnt.i nn nf 7?/r_ in Ei(r 18-6_ 
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For the case when rj is high, the equivalent input resistance reduces to 
a simple form. Noting that for rj high 0 is small, 


0 3 

sin 0 == 0 — 


0 2 

cos 0 = 1 — tt 



R e 1 sin 0 — 0 cos 0 _j_ J_ 

R — cos 0 0 — sin 0 cos 0 27? 


(18-27) 


Hence the effective input resistance becomes R/2q for large 77. Since 
r/ = 1, then R e is slightly greater than one-half the load resistance. 

18-5. Distortion in Diode Detectors. There are two sources of distor¬ 
tion in a simple diode detector. One results from the curvature in the 
tube characteristic, making the efficiency ol rectification vary according 
to the amplitude of the envelope. This source of distortion may be 
minimized by making the load resistance large compared with the diode 
? plate resistance and by making the amplitude of the carrier envelope 
applied to the diode reasonably large. Under practical conditions, when 
the detection efficiency exceeds 80 per cent, the distortion from this source 
is of the order of 2 per cent for a completely modulated wave. With 
small signals the distortion may reach as high as 25 per cent for a com¬ 
pletely modulated wave when the signal potential is a fraction of a volt. 

The second source of distortion arises from the fact that the potential 
across the capacitor in the output can die away only as fast as the charge 
can leak off through the load resistor. Hence, unless the time constant 
of this circuit is properly chosen, clipping may result during the troughs 






*o) 


to 

ed 


* 


of the modulated signal. 

^ If the h-f variations of the output 
potential are to be small, the time 
constant of the load circuit RC must 
be large compared with the period 
of the carrier-frequency cycle. 
However, if this value is made too 
. large, the output potential cannot 
decay as rapidly as the envelope 
decreases, and clipping occurs. The 


y 


C/ipping during trough 

?a k 


of modulated wave 



Fig. 18-8. Diagonal clipping in a diode 
detector when the load-circuit time 
constant is too large. 


conditions discussed are illustrated in Fig. 18-8. 

To ascertain the maximum allowable value of the time constant, it 
should be noted that this value must be such as to permit the capacitor 
to discharge at the same rate as the decrease of the modulation envelope. 
This may be estimated in the following manner. 3 The most unfavorable 
condition occurs at the highest modulation frequency o> m that the detector 
is designed to handle and is that for which the equation of the envelope is 

e = E c ( 1 + m cos <aj) (18-28) 
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At any particular time t — to, the value and the slope of the modulation 
envelope are 


e = E c ( 1 + m cos a> m t 0 ) 


(de\ „ . 

\dt)t Wm 7 ftE e sin u m to 


(18-29) 


If the potential across the capacitor equals the modulation potential at 
the time t = to, 

e a = E e ( 1 -h m cos wt 0 ) (18-30) 


and it decays thereafter according to the exponential expression 


= e a oe~^~ to)/RC 


(18-31) 


The initial rate of change is 


* 

de_ a 

dt 


) = - J 

/<• Ri 


6 a — - 


E c 


(1 + m cos co„<o) 


(18-32) 


RCRC 

To avoid the diagonal clipping illustrated in Fig. 18-8, the capacitor 

potential must be less than the value of the envelope for time t > U, and 

the slope of e„ must be less than that of the envelope at t = to- This 
requires that 

E c 

~ RC ^ m cos Wm ^°) = —co m mE c sin co m to 


or 


1 


RC 


= u 


vi sin oj m to 


m 


(18-33) 


1 ~h m cos co m to 

For the initial rate of decay of the capacitor potential to be greater 
t an t e rate of decay of the envelope potential, it is necessary that 


f 


!_ \ m si n c o m to 

RC m 1 -j- m cos cj m t 0 


But the most severe condition on the RC constant is that for which the 
fraction is a maximum. To find this, consider the expression 

d 


7ti sin u) m to 


This yields 


dt 1 -f m cos u m t 0 


= 0 


COS co m to = —?/t 


from which 


sin (o m to = \/l — m 2 


1 


RC 


> CO 


m 


m 


Vi - 


(18-34) 


m 


If this equation is satisfied, the output potential follows the waveform of 
t e envelope. According to this equation, as the modulation appr» 
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100 per cent, the required time constant approaches zero. Consequently, 
at 100 per cent modulation, the output potential contains the carrier as 

well as the modulating frequency. 

By taking into account a number of factors that were neglected in the 
above analysis, such as the impedance of the source supplying the modu- 
lated potential, the results must be modified somewhat. Experimentally 
it has been found that the amount of harmonic generation is not excessive 


for sound reproduction if 



(18-35) 


This equation expresses the relation among the circuit parameters which 

permits the detector to follow the modulation envelope. 

18-6. Diodes with Complex Load Impedance. A detector stage is 
normally provided with a filter in the output in order to prevent any r-f 



Fig. 18-9. Diode-detector circuit. 


potential from reaching the subsequent stages, since only the d-c and 
modulation-frequency terms are desired. The d-c component that is 
W developed across the diode is ordinarily used for the purpose of automatic 
" gain control (see Sec. 18-8); the a-c component is fed to the audio ampli¬ 
fiers to provide the a-c signals at a potential and power level dictated by 

the output device. 

To achieve the requisite filtering necessitates the addition of circuit 
elements, with the result that the impedance which the complex load offers 
to the diode at the modulation frequency is quite different from that 
offered to the d-c component. A typical circuit, which includes the r-f 
filter (which is usually a simple II-type resistance-capacitance filter) and 
the coupling network to the first audio stage, is illustrated in Fig. 18-9. 
Observe from this circuit that the a-c impedance at the modulating 
frequency is smaller than the d-c resistance, owing to the shunting effect 
of the filter capacitors and also because of the fact that the grid resistor 
of the next stage parallels the load resistor. Because of this, the proper¬ 
ties of the diode rectifier are not precisely those discussed in Sec. 18-5. 

Consider the situation for a sinusoidal modulation envelope to the 
input of the diode circuit. A sinusoidal component of current at the 

and a d-c component of current due to the carrier 
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le\ el w ill exist in the diode circuit. It is necessary that the negative 
peak of the a-c component of current should never exceed the d-c com¬ 
ponent; otherwise the diode will cut off, with an a-c waveform distortion. 
The a-c waveform will have the negative peaks clipped if this happens. 

Equation (18-15) may be used as a starting point for obtaining sig¬ 
nificant results in the present connection. It follows from Eq. (18-15)'' 
that the ratio I 


Peak E ac 
E dc 

which may be written as 

Pe ak I a c \Z m \ 

I dc R 




(18-36) 

(18-37) 


In this expression Z m is impedance of the total diode output circuit at the t 
modulating frequency and R is the total diode output-circuit resistance 
at the d-c or zero-frequency level. Now from the discussion given above, • ‘ 
the maximum value that m may have and still avoid negative clipping is 
that for which the peak I ac current is just equal to the d-c component 
/dc- Clearly, the maximum value of m without negative clipping is then 




_ impedance of load to to 


m 


R 


resistance of load to d-c 


(18-38) | 


Figure 18-9 is examined in the light, of Eq. (18-3G). For the usual 
choice of circuit parameters (see Fig. 18-13 for a detailed circuit) the 
reactance of C x is high at the modulating frequencies, and the reactance 
of C 2 is very low. Approximately, therefore, for this circuit 

+ R * R * ^ 
= - Ri + Ri 

R\ /?2 

The actual choice of the parameters R h R 2} and R 3 is a compromise 

between detection efficiency and the effect of possible nonlinearity of the 
diode. 

c 18 " 1 Rect ) ficatl0n Characteristics. It is clear from the discussion in 
Sec. 18-5 and also from the discussion leading to Eq. (18-38) that the 

i • , . .. 1 or consists of a d-c potential E a , 

w ci is t e a\ erage \ alue of the rectified carrier signal and appears 

across the capacitor C, and an a-c term of modulating frequency which 
is a measure of the amplitude of the envelope of the incoming modu¬ 
lated carrier. Thus one might consider C as an effective by-pass for 
carrier-frequency currents, with two potential components across the 
output, the d-c and the a-c terms. The quantitative relationships among 
o amplitude of the r-f potential, the average rectified current, and the 
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average plate potential E a are contained in the rectification characteristic 
of the diode. A circuit for obtaining these curves and the results on a 
6 H6 are illustrated in Fig. 18-10. In the circuit shown, the a-c potential 
E is maintained constant, while the bias potential E a , which simulates 
the drop across the load resistor, is varied, and the rectified current is 

read on the microammeter. 

Indicated on this characteristic are a series of load lines, which cor¬ 
respond to different static load resistances R. These are drawn on the 
curves in the customary way. Their use permits one to obtain the 
output potential as the carrier potential varies. Ihus, by plotting e 
current as a function of time as the carrier amplitude varies because of 


1 



Fig. 18-10. The rectification characteristic of a 6H6 diode, and the circuit used for its 
determination. 

the modulation, it is possible to determine both the output and the dis¬ 
tortion. For example, if the unmodulated carrier amplitude is 10 volts 
rms, with the modulation causing the amplitude to vary between 5 and 
15 volts rms, with, say, R = 100 kilohms, the load current will vary 
between approximately 60 and 180 n a, with the output potential varying 
between 6 and 18 volts. The detection efficiency in this case is 



Attention is called to the fact that, in addition to the several static 

load lines which are drawn on the curves of Fig. 18-10, there is also shown 

an “ a-c load line.” The line shown represents a 0.25-megohm static load 

that is shunted through a coupling capacitor by a second 0.25-megohm 

load, which might be the grid resistor of the first audio amplifier. At the 

" ' ombination of these two 
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. The C , irC f 0f Fi 8 - 18 - 13 ind ^ates a static load of 250 kilohms 
3 namic load consisting of the series combination of a 50-kilohm 

resistance and a 250-kilohm resistor paralleled by two 500-kilohm 

resistors. I he a-c load line illustrated has been drawn for an effective 

value of the unmodulated signal of 10 volts. Observe that the load line 

oes no pass t rough the point (0,0). Consequently, if the operation is 

carried to the region of no current, severe distortion may result. The 

curves of Fig. 18-11 show the char- 

_ . j /* . « _ . _ _ 


O 


o 

E 


30 


/ M shunting R L = 0.5 


M 


f §20 



R shunted by C. 

% 



Pure resistance 


20 40 60 60 100 

Perceni modulation 

Fig. 18-11. Variation of distortion with 
per cent modulation. (From F. Lang- 
ford-Smith , “Radiotron Designer's Hand¬ 
book, 1 st ed., chap. 18, Amalgamated 
Wireless Valve Company Pty . Ltd. 
Sydney , Australia , 1941.) ' 


— f— j - —- —■ • * * w • » VAA 

acter of the variation of the distor¬ 
tion with per cent modulation. 

18-8. Automatic Gain Control, 
d he average amplitude of the modu¬ 
lated carrier wave that reaches the 
detector stage will depend upon a 
number of factors, including the field 
strength at the receiver of the sta¬ 
tion to which the receiver is tuned, 
and the propagation conditions be¬ 
tween the transmitter and receiver, 
ft is desirable, therefore, to incor¬ 
porate some means within the re¬ 
ceiver for maintaining the average 

, ] ^ i. _ J A < « I _ 


, 1,1 . ceiver lor maintaining the average 

mo u a e earner amp ltudc at the detector at a constant level so as to 
avoid the effects of fading. Such an automatic gain control (age) (often 
called automatic volume control, avc) will automatically vary the gain 

tnr F‘ ° r 1 i« S yi3 ^ a substantially constant level at the detec- 

, G . s ous a block diagram of a receiver incorporating 

automatic gain control. ' 



e e ai s o a circuit in which a diode is used both as a linear detector 

uj 1 V l ! PP V 1 "o P°* en ^ a ^ f° r automatic-gain-control purposes are 
us ra e in lg. 1 -13. l n this circuit the use of a separate isolating 

resis oi an capacitor filter (R lf Cb) permits the extraction of a d-c potential 
tnat is nroDortional tn i , . i • , , ,t _ 


. “““ ^ dUlul mter Wh c,; permits the extraction of a d-c potential 

a is proportional to the average modulated carrier level. Also, the 

f>nnQ PO f Cntia j aC1 ° SS c ^ oc * e l°ad resistance is blocked by the use of a 
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The time constant of the automatic-gain-control network R 1 C 1 is made 
long enough to average out the variations in carrier amplitude correspond¬ 
ing to the modulation, but short enough so that the automatic-gain- 
control potential varies with the average amplitude of the carrier, drop¬ 
ping off as the carrier fades and increasing as the carrier becomes stronger. 



Fig. 18-13. A diode detector and automatic-gain-control circuit. 


This potential is used to vary the bias, and hence the transconductance, 
of the r-f and i-f amplifier tubes, to maintain a substantially constant 
level. In this way, fluctuations in the average amplitude of the modu¬ 
lated carrier delivered to the diode are greatly reduced. The r-f and i-f 
amplifier tubes that have automatic gain control applied to them should 
be of the remote-cutoff or variable-mu type; otherwise the system may 
be very critical of adjustment, owing to the extremely marked sensitivity 
of transconductance with bias of the sharp-cutoff type ot tubes. 



A AU( JL O" 1*1, i A --- ^ -O 

If it is desired to have the automatic gain control operate only after 
the carrier strength reaches a specified minimum, so that the reception 
of weak signals will not be affected by the automatic-gain-control system, 
a biased or delayed automatic-gain-control circuit may be used. A cir- 

Aomatic-gain-control L potentialisshown in Fig. 18-14. 
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separate diode. Also, the automatic-gain-control potential is obtained 

from the output of the previous stage in order that a potential-that 

across the cathode resistor of the triode element of the duodiode triod^- 

may be used as the reference level, below which no automatic gain control 
is applied. 


18-9. Suppressed-carrier Demodulation. 

that the output from a balanced modulator 



Fig. 18-15. Diagrams showing the 
instantaneous amplitude of a reintro¬ 
duced carrier which is 90 deg out of 
phase with the sidebands. 


It was shown in Sec. 17-3 - 
which was arranged to sup¬ 
press the carrier contained the side¬ 
bands of an a-m carrier. Clearly, the 
transmission of suppressed-carrier 
signals is accomplished at high effi¬ 
ciency since the greater part of the 
power of an a-m wave is in its carrier, 
and with its suppression a saving in 
power is effected. 

The process of demodulation 
for suppressed-carrier transmission 
proves to be rather difficult. The 
production of a carrier at low power 
in the receiver which will maintain 
the proper phase relation between it 
and the sidebands over a period of l 
time is extremely difficult. It isim- j 
portant to examine the effects of 
phase shifts between the carrier and 
the sidebands in order to evaluate 
the suppressed-carrier system of 
transmission. The situation may 
best be examined by means of ref¬ 
erence to the sinor representation of 

the process. j 

Consider the particular case when 
the reintroduced carrier is 90 deg 


c , , away from its required phase posi- 

mn or e exac repro uction of the modulated carrier. Also, it is sup- r 

P ose , a e cam ^ amplitude is large compared with the sideband 
ampliiudcs, as it would be if the modulation index were small. The situa¬ 
tion is i lustrated graphically in Fig. i 8 -l 5 for several positions during the 
mo u a mg eye e. An examination of these figures shows that the result¬ 
ant potential b R does not vary appreciably from the reintroduced carrier. 
However, E R does undergo periodic phase variations with respect to E e , 
since, u ^mg one half cycle E R leads E c , and during the other half cycle 
R a ^ S c * Under these conditions the resulting wave is no longer con- ^ 
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stant in frequency but varies at the modulation-frequency rate, and the 
frequency variation is accompanied by a cyclic change in amplitude. 

The effect of phase shifting of the carrier of an a-m wave is the reduc¬ 
tion of the modulation index and the introduction of a phase or frequency 
modulation. When the carrier phase shift is 90 deg, the amplitude 
modulation may almost disappear and the phase modulation that results 
may be considerable. In fact, this latter case is the method foi producing 
a p-m wave as one step in the production of a f-m output in the Armstrong 
system of frequency modulation, which will be discussed in the next 

chapter. 

If the reintroduced carrier is of a different frequency from the original 
carrier, there will be a beating with the sidebands and only a transient 

condition will prevail. 

For the proper reproduction of the original signal, the carrier phase must 
be maintained, relative to those of the sidebands, to within a fraction of a 
cycle. If a pilot carrier is transmitted, control circuits might be possible 
to achieve the required frequency and phase stability between the pilot 
and the locally generated carrier. If no pilot carrier is available, then 
the frequency stability of both the transmitting and receiving oscillators 
must be controllable with a very high degree of precision. This latter 
condition cannot be achieved even with present-day techniques. Con¬ 
sequently, completely suppressed carrier transmission is not practical. 

18-10. Single-sideband Suppressed-carrier Demodulation. If a sup- 
pressed-carrier signal were passed through a suitable filter network or 
through appropriate circuits so that one of the sidebands was eliminated, 
^ the resulting wave would be a single-sideband signal. The demodulation 
of such single-sideband signals proves to be feasible, and such a communi¬ 
cation system is used commercially. Actually, of course, the suppres¬ 
sion of the sideband is accomplished at the transmitter, so that only a 
single-sideband suppressed-carrier signal is radiated. For a given signal 
strength at the receiver, this system has the same power economy as the 
suppressed-carrier system. In addition, it effects a saving in the band¬ 
width required in the r-f spectrum. 

In the case of a pure tone, the reintroduction of a carrier a> c to the 
i signal of frequency w c + w m (assuming that the upper sideband w c + w m 
is transmitted) will return the frequency w m in the output. However, 
it is necessary that the amplitude of the reintroduced carrier be prop¬ 
erly chosen if the envelope of the reconstructed signal is to be a 
replica of the original signal. Moreover, the phase of the reintroduced 
carrier and that of the sideband are important, since the resultant ampli¬ 
tude will depend on the relative phases of these component waves which 
are to be combined. 


mplex wave, as is usually the case, the effects of 
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anc * P^ ase °f the reintroduced carrier become more 
difficult to discuss qualitatively. The general effects of an inadequate 

carrier amplitude and incorrect carrier phase are a distortion of the 
resu ting amplitude, owing to the different components contained in the 
signal homg affected by differing amounts. In general, the phase of 

the different frequencies will be shifted by different amounts. Also, 
the amplitudes may be differently affected. 

, s ^ a P e of the icsulting envelope depends on the relative phases of 

e 1 erent components of the signal; hence the resulting waveshape will 

vary with the phase of the reintroduced carrier. However, since the 

human ear recognizes only amplitude and frequency, distortion due to 

p ase will not be lecognized. Consequently such single-sideband sup- 

pressec carrier operation is generally satisfactory for speech transmission. 

In tact, if the reintroduced carrier is altered in frequency, the pitch of the 

signal will change, because the signal frequency will not be translated 

o e proper zeio position. A translation of several cycles from the 
zero is not particularly objectionable. 

While a translation of several cycles might not influence too seriously 
a speech signal, it will seriously affect the transmission of music. This 
o o«s from the fact that, for music, the fundamental and its harmonics 
are important in presenting the tonal qualities of each instrument. If 
the frequency and amplitude of the reproduced harmonic components are 
altered, the character of^ach instrument will be lost. 

Because of its limitations, single-sideband suppressed-carrier trans¬ 
mission is limited ijyits application to commercial telephony. It is used 
extensively in poj/t-to-point commercial communication. 4 

p • k is qv'^/ and Converters. A superheterodyne receiver (see 
, . corporates a mixing element, a device in which the incom¬ 
ing modulated signal is combined with the signal from a local oscil¬ 
lator in older to shift the carrier level from one frequency to another. 
The use of such a device permits the carrier level of any signal to be 
shifted to a prese i f value and then to provide i-f amplification to bring 

M° Tt Au 10 V ° ltS ° r 80 desire d at the input of the diode 

virion n hio-ko 6 ? Se f° ■* e su P er heterodyne is widespread because it pro- 

use of 1 hi r + e eC . IVI y t ^ an a tuned r-f circuit, primarily because of the r 
use of double-tuned amplifiers. 

The equivalent noise resistance of a mixer or converter is relatively 

' . , " 0 * s ’ . a no * se potential of 1 fiv or more may exist on 

lft G g ™ * oreover > since the second detector potential level is perhaps 
• t V ° 6 maximum g a in that can be used between the mixer grid and 
amp i er output is then determined by the allowable signal/noise 
po en la ratio. For example, if a signal/noise ratio of 100 is required, 
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the largest useful mixer-amplifier gain is about 10 6 . Since some gain 
occurs in the mixer and is roughly 25 per cent of that of the i-f amplifier 
stage, two i-f amplifier stages will provide all the requisite gain. 

If a separate local or beating oscillator tube is used, the tube in which 
the combining is accomplished is called a mixer. If a multigrid tube is 
used to serve as both the local oscillator and the mixing element simul¬ 
taneously, it is referred to as a converter. In both cases the effectiveness 
with which mixing is accomplished, i.e., the ratio of the i-f current in the 
output to the signal potential input to the circuit, is an important quan¬ 
tity. This quantity is called the conversion transconductance and is, by 

definition, 




dib. i-f 
de Ci r -f 


(18-39) 


It should be noted that this quantity is quite different from the mutual 
conductance of the tube. 

18-12. Square-law Conversion. To examine certain of the aspects of 
the conversion process, it will be supposed that the output from the local 
oscillator is combined with the modulated carrier potential, and this com¬ 
bined potential is supposed impressed directly on the grid of a square-law 
tube. If the tube characteristic is represented by an expression of the 

form 



(18-40) 


then with the application of the potential 


e g = E c ( 1 + m cos «»»0 sin u c t + E 0 sin wo t 
the following terms will appear in the output: 


(18-41) 


[ m 2 E 2 
E\ sin 2 u c t + El sin 2 o> 0 t + sin 2 (w c + u> m )t 


* 


+ 


m 2 E 2 


sin 2 (w r — u m ){ -f“ 2E c Eq sin io c t sin wo t 


+ mE 2 sin a > e t sin (w c + o) m )t + mE 2 sin u c t sin (w c — co m )t 
+ mE e Eo sin wo t sin (w c -j- w m )£ + mE c E o sin wo t sin (w c — o3 m )t 


+ ~ ~^ e sin (w c + w m )t sin (w c — w m )^ (18-42) 

By the use of frequency-selective circuits, all terms will be eliminated 
except those having frequencies in the neighborhood of w 0 — w e = w,-. 
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Thus there will remain in the output the following: 

i = a[E c E 0 cos w,t + j^mEcEo cos (o>, — Um )t 

, . , + y&mEcEo cos (ui + a> m )t] 

which may be written as 
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(18-43) 


i - aE c E 0 (1 + m cos a > m t) cos a ut (18-44) 

That is, the only signal that can get t hrough the tuning circuits which have 

been tuned to the i-f frequency and which have a bandwidth sufficiently 

wide to accommodate the a-f spread is essentially the modulation ampli- 
tilde at the i-f frequency. 

As noted in Sec. 18-1, frequency changing is classed as detection, whence 
the converter is frequently called the “first detector.” Actually it is 
a detector only in the sense that it permits obtaining output frequencies 
that are different from the input frequencies or, rather, that it shifts 
the frequency from the r-f level to the i-f level. 

The problem of keeping the difference between the local oscillator and 
the input r-f frequencies constant as one varies the antenna tuning from 
a position corresponding to one end of the band (say 550 kc) to one 
corresponding to the other end of the band (say 1,600 kc) is not a simple 
matter if one wishes to adjust a single control. It requires careful con¬ 
struction of the variable capacitors and the choice of constants so that 
they t rack together. In general, perfect tracking is not possible over 
the entire band. Ordinarily provision is possible for ensuring perfect 
trac ing at on y t iree specific points. The errors over the intervening 

ranges are not great enough to throw the beat frequency out of the i-f 
pass band. ' 

18 13. Generalized Conversion Theory. 6 I n the foregoing discussion 

l \\as assume t at both the broadcast signal and the local oscillator sig- 

nal were impressed on the grid of a square-law amplifier. Under these 

circumstances the conversion is distortionless. To reduce the interaction 

etveen e c ^ cu its, electron coupling is ordinarily employed in 

mo ern prac ice. Consequently ihe only coupling is that through the 
electron stream. 


Under th ® assum P tlo n that the signal potential is small and that the 
oca osci a or potential is large, the signal-electrode transconductance 
may be considered as a function of the oscillator potential only. Then 
e signa e ectro e plate transconductance g m may be considered as ; 
varying periodically at the oscillator frequency. The situation is then 
somewhat as illustrated in Fig. 18-16. Because of the periodic variation 
that occurs in g m , this may be represented by a Fourier series of the form 




bo 


2 ^1 cos a>o t -f- & 2 cos 2 ojoi ~i~ 


( 18 - 45 ) 
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Fig. 18-16. Illustrating the variation of plate-grid transconductance of a converter 
tube with a large oscillator potential on the grid. 

When a small signal is applied to the tube, the resulting a-c plate current 
has the form 

i, = g m E' cos u c t (18-46) 


This may be written in the form 


i p = E' cos 


u > c t ^ b n cos nu«/j 


n 


or 


r*i 


bo 7ji / i 

E cos w c t 



+ E' 6i COS W c £ COS W 0 £ + 




cos cos 



(18-47) 


n 

nj*l 


For a circuit tuned to the frequency a> 0 - w c , the i-f frequency, the output 
is 

(18-48) 


^ E' cos (wo — o) c )t = ^ E' cos u)it 


whence the conversion transconductance is 


n = lp ' i ’ f 

Qc ~ E f 


bi 

2 


(18-49) 


Upon combining this with the known form for hi, there results 


1 {** 
9c %r Jo 


g m cos wo t d(a>ot) 


(18-50) 
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This expression indicates that the value of g c depends on the magnitude of 

the mutual conductance at the operat- 
ing point and also on the way that this 



Fig. 18-17. Typical transconduc- 
tance curves for different types of 
tubes. 


conductance is varied by the local oscil¬ 
lator potential. 

The continued development of Eq. 
(18-50) is possible by examining curves 
showing typical variations of the plate- 
grid transconductance with the oscil¬ 
lator bias potential. These are given 
in Fig. 18-17. It is found that in most 
practical cases, the ( g m ,e c ) curves can be 


represented with reasonable approxima- 
tion over the operating range by an expression of the form 


9 m - g m o ^1 + -~j with 0.5 < a < 1.5 


(18-51) 


(see Fig. 18-16 for notation). Suppose that the oscillator potential is of 
the form 


e c Eq m COS (jJqI 


(18-52) 


Equation (18-50) then becomes 


2 g 

9c = y 


m 


2i r 


• re 


+ E 0m cos 


E 



cos co 0 t d{uot) 


(18-53) 


For convenience, this expression is written in the form 




9c = \i9m.m^J(e) 


where f(6) = — gm0 





1 -F E om cos oj 0 t\ a j, N 

I COS (jJqI d\COot) 


(18-54) 


E 


But since 


Qm, 


max 


then 


QmO ^ 


1 + 


E 


0 m 


E 


(18-55) 


m 



(E 0m COS COn 


+ Eom/E 


cos uot d{o>d) (18-56) 


The function f(6) can be evaluated for different values of a. Plots of 
such results 6 are given in Fig. 18-18. 

Observe from these curves that the values of f(6) for a given value of 6 
_ n °^ var y markedly from each other for different values of a. T 
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maximum value of conversion transconductance occurs in the neighbor¬ 
hood of 90 deg. Specifically, for a = 0, which occurs for constant 
g m = 0 m . luax over the full operating range, ./( 0 ) - 2 /tt, and so 

(18-57) 


g c = ^ 0 rn.max “ — O.320m.n»*x 


For a linear transconductance variation (a = 1), which corresponds to a 



quadratic transfer characteristic, the optimum 8 is approximately 120 deg, 
in which case 

g c = y 2 g m .^ X 0.53 = 0.27 g mM (18-58) 



Finally for the transconductance variation specified by a = 0.5, which 
corresponds to a space-charge (three-halves power) variation, the optimum 
8 is approximately 105 deg, in which case 

g c = y 2 g m , x 0.57 = 0.29 g„ w (18-59) 


i 


Note that all values of g c /g m are roughly the same, so that, for con¬ 
duction angles 90 < 8 < 180 deg, the conversion-transconductance ratio 

varies over the range from 0.25 to 0.30. . 

If an exact determination of g c for a specific tube is required, this 
can be accomplished by a numerical evaluation of the Fourier coefficient 

given by Eq. (18-50). 
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PROBLEMS 

/e, 1 =’foo A kilnhmi dal I 5 , 0 * 0 " 411 ? 1 is f.PP lied t0 th e average detector of Fig. 18-2, with 
with applied signal. 1 G e " nme le vanat,on of the rectified output potential 

18-2. The envelope detector of Fig. 18-3 has 

Rl = 100 kilohms and C = 200 /z/if 
The impressed potential is 

e = \2 cos (2 tt X 1.5 X 10 H) -f 1 cos (2* X 1.51 X 1 OH) 
i'n Se d?odi PreSSi ° n f ° r tHe inStantane ° US Potential across C. Neglect tube drop 

sie-naMnnntT"H “ S ‘ nU f oida j*> r modulated 80 per cent by a 7.5-kc signal. The 

earner^ In 1 l „'a tedor of 18-3 with R, = 100 kilohms has a 

for no distortion? No l ' . Ponk. What should be the maximum value of C 
tor no distortion? Tseglect the tube resistance 

18-4. The input to the detector of Prob. 18-3 with 

C - 100 MM { R, = 100 kilohms R , = , mego hm C' = . 



the potential across^ 6 CdTnQT fre 9uency being 5 Me. Sketch the waveform ol 

1C-5. In the circuit of FiV iq q i- , i 

plot as a function of the modufating fre effirienc >' k is °- 90 -. Calculate and 
modulation of the input signal e - the maximum degree of 

18-6 Sunnnse that A ? f dlstortl oniess rectification, 
kilohms and , = 0.90. " C res,stance o{ a Peak diode detector is 250 

negative oeal^dbmfn ^ J nax ' mum degree of modulation of a signal without 
for ratios P between 1 and 0.5. UnCt ‘° n ° f the ratio of a - c d ' c load impedances 

unde/these conditions 100 ^ Cent modulated > P Iot the approximate distortion 
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18-7 Determine from the rectification characteristics of a 6H6 diode the 
largest*permissible modulation without clipping if the d-c impedance of the load 
is 100 kilohms and the modulation frequency impedance is oO kilohms. If the 
effective modulation is 70 per cent with a carrier of 10 volts rms, determine the 

approximate percentage distortion. . , . . . 

18-8. A superheterodyne as indicated in the diagram in block form gives for an 

unmodulated carrier-frequency signal of 5/iV input to the r-f amplifier a detector 



output of 5 volts. If automatic gain control is used on all tubes, what must the 

carrier level be to give a 5-volt output; a 10-volt output? Assume t a ie u 

d-c output potential is used for automatic gain control. 

18-9. A receiver is provided with a square-law detector, which is represented 

by the expression 

i = ke * 

Calculate the form of the output, and specify whether or not an intelligible a-f 
signal results when the following are applied to the input. 

а. One sideband is eliminated from the transmitted wave. 

б. The carrier is eliminated from the transmitted wave. 

c. One sideband and the carrier are eliminated from the transmitted wave. 
18-10. A single-sideband transmitted wave is applied to a square-law detector 

of which 

t p = 0.5(6 -f e a Y ma 

If the input consists of a supplied carrier of 2.5 volts peak and the sideband 
> amplitude is 1 volt peak, calculate the signal current in the output. 

18-11. A 6L7 pentagrid tube is used as a converter. A plot of the curve of 


\ 



plate-grid 1 transconductance as a function of grid 3 bias is sketched in the 
diagram for this problem. A beating oscillator signal of 24 volts peak, which 
causes a bias of —20 volts to be developed, is applied to grid 3. The incoming 
signal of 100 nv is applied to grid 1, which is maintained at a bias of —6 volts. 

a. Evaluate the conversion transconductance under these conditions by a 
graphical solution. 

b. Compare with the results obtained by applying the appropriate results of 
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19 1. Introduction. Chapter 17 was confined to a discussion of ampli- 
tu e modulation, in which the amplitude of the transmitted wave is 
altered in a manner dictated by the amplitude and frequency character¬ 
istics of the signal. It was there pointed out that in addition to such 
amplitude variations it is possible to effect changes in the frequency or in 
the phase of the transmitted signal. In particular, however, if intelli¬ 
gence is to be transmitted, it is essential that the two features that 

characterize intelligence, viz., amplitude, or loudness, and frequency, 
must be available. 

In frequency modulation the transmitting frequency is varied by an 
amount depending on the signal amplitude, and the signal frequency 
determines the rate at which the variation takes place. In phase modu¬ 
lation the phase of the transmitted wave is shifted by an amount that 
depends on the signal amplitude, and the rate at which this shift occurs 
is made proportional to the signal frequency. In general, any system 
that can transmit the two aspects of information required for the intelli¬ 
gence could serve as an acceptable system of communication. A variety 
of pulse systems have been devised which are satisfactory and which 
possess certain advantages over the a-m, f-m, and p-m systems. 

It should be particularly noted that the amplitude of the oscillations 
m e m system is not involved in the actual process of transmitting 
inte lgence. onsequently, it is possible to make the system insensitive 

... ilb ,s a particularly desirable feature since 

atmospheric and man-made distnrKo,w~ , , , >„ 

. x ~ uisiuroances are largely amphtude-modu- 

lated. Owing to the difference in character between a-m and f-m signals, 

lt lo P « 08S i • °T~ parate and extract the signal from the interference. ‘ 
* ,, aS1 L - aract eristics of Frequency Modulation. To examine 
grap ica y t e un amental principles of frequency modulation, suppose 
t rnt a te egrap ot and dash are applied to an a-m and to an f-m system. 
The results have the forms illustrated in Fig. 19-1. For the a-m system, 
the frequency of oscillation remains constant, but the amplitude is zero 
or a constant, depending upon the time in the cycle. In the f-m system, 
t e amplitude remains constant, but the frequency changes from a value 
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If the applied signal is sinusoidal and of frequency /„, the effect pro¬ 
duced in an a-m system has the form illustrated in Fig. 19-26 and the 



Pulse 



Fig. 19-1. The primary features of a-m and f-m waves. 


effect produced in an f-m system has the form illustrated in Fig. l9-2c. 
V/19-8. Instantaneous Phase and Frequency. The general expression 
for an unmodulated carrier wave is given by 

e c = E c sin (o) c t + 6) (19-1) 


In this expression the period of the wave is given by 



2tt 

Wc 



The quantity 

u c t 4- 6 = *p (19-2) 

is the total instantaneous “phase, 
of the function. If the phase is 
written as the value of the po- 
% tential at any instant is represented 
by the expression 



e c = E c sin <p(t) 


(19-3) 


But, clearly, the angular frequency 
is related to the phase by the expression 


Fig. 19-2. The output of a sinusoidally 
modulated a-m and f-m transmitter. 


w = 


d<p 

~dt 


(19-4) 
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This expression agrees with the usual definitions of frequency, and in the 
unmodulated case 


d 


03 ~~ dt "F Q) — co, 


-19 4. Frequency Modulation. Frequency modulation is produced by 

varying the instantaneous frequency of a carrier by an amount that is 

proportional to the amplitude of the modulating signal and at a rate 

given by the frequency of the modulating source. The amplitude of the 

carrier is assumed to remain constant in the process. That is, if the 
modulating signal has the form 


e m = E m cos co m t 


(19-5) 


the f-m wave has an instantaneous frequency given by the expression 


(19-6) 


O>(0 — C0 c -f k f E COS C O m t 

The proportionality factor k, defer,nines the maximum variation in fre- 
quency for a given signal strength E m . 

To determine the expression for the f-m wave, use is made of Eq. (19-4). 
This requires that 

dtp 

dt 


w ' ~ + k f E m cos c o m t 


from which it follows that 


which yields the expression 


- V 


co dt 


<p(0 = co c t + A- 


E 


m 


J — sin W m l + e 0 


CO 


(19-7) 




I 


rn 


The initial phase g„ is neglected in what follows, for it plays no part in the 
modulating process. Thus, for the f-m w. 


ave, 


e = E c sin ( \o c t + k 


E 


m 


/ — sin CO m t 

CO- 


(19-8) 


m 


The instantaneous frequency of the f-m wave is 


CO 


E, 


f 2tt kf 7^ cos co m t 


(19-9) 


which has a maximum value of 


/max — f C + kf 


E 


m 


and a minimum value of 


2tt 


(19-10) 


/min — f c k 


E , 


(19-11) 
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The maximum swing of the frequency from its mean value is called the 
frequency deviation and is denoted by /<*. It is 

f f _ f - f _ f = k, — (19-12) 

Jd = /max Jc ~ Jc J nun f 2l T V 

By analogy with amplitude modulation, the modulation index is defined as 

m. rn ^ = Av ^ ^ (19-13) 

fc We 

Also, the ratio of f d to the modulating frequency /„ is called the deviation 
ratio and has the value 

= ^ = mA = fc/— (19-14) 

/m W »" 

In terms of these factors, the expression for the f-m wave assumes the 
form 

e = E c sin (a ) c t + 5 sin a> m t) (19-15) 

As 

\/19-6. Frequency Spectrum of F-M Wave. To examine the spectrum 
of the f-m wave, it is necessary to expand the expression [Eq. (19-15)] that 
represents the f-m wave. This is done as follows. 

e = £ c [sin u c t cos (8 sin c o m t) + cos u c t sin (8 sin u m t)] (19-16) 

Use is now made of the following expansions, 

eo 

cos (« sin «J) = J 0 ( 8 ) + 2 2 ■/*«(») cos 2n “^ 

"- 1 (19-17) 

sin (8 sin « m <) = 2 £ ^j.+i(«) sin + l)o> m t 

n * 0 

where the function J n (t) is the Bessel function of the first kind and of 
order n. The f-m waveform then becomes 

e = E c sin <i> e t[«/o(5) 2 «/ 2 ( 5 ) cos 2a> m £ + 2./ 4 (6) cos Au m t -f- • * ] 

+ E c cos a>42Ji(5) sin co m £ -f 2J 3 (5) sin 3 u m t + • • *] (19-18) 

which may be written in the form 

e = J 0 (8)E C sin o) e t 

-f Ji( 5 )£ c [sin (w c -f- o> m )£ — sin (w c — u> m )t] 

-f J 2 (8)E c [ sin (w c -f 2(j) m )t + sin (a> c — 2o> m )<] 

-f J 3 ( 5 )E c [sin (w c + 3co m )£ — sin (w c — 3w m )£] 

. (19-19) 

where use has been made of the trigonometric expansions 

sin x cos y = Hi sin (s + 2/) + s | n ^ (19-20) 

cos x sin y = M[ s i n ( x d” 2/) ” s * n (* T — ^ 


604 


[Chap. 19 


ELECTRON-TUBE CIRCUITS 
The Bessel function J n (8) is defined by the series 

J n (b) = . Ti _ _ gj _ 4 -_ 84 

2 "' i! 2(2n + 2) ^ 2(4) (2a 4- 2)7^T+^ 


2(2/i + 2) 2(4) (2/i + 2)j2n + 4) 

_ ___ 5* ] 

2(4)(6)(2/i + 2) (2n~+J)~(2n + 6) + * ' (19 ‘ 21) 

It follows fiom Eq. (19-19) that the spectrum of the f-m wave consists 
of a carrier and an infinite number of sidebands all of whose amplitudes 
are various-order Bessel functions. /. Graphs of several of these functions 
are contained in Fig. 19-3. It will be noticed that J 0 (8) has a root at 
1.0 —-- T ----- 


no an mnnitc number of sidebands all of whose amplitudes 
ulci Bessel functions.-/.Graphs of several of these functions 
l in Fig. 19-3. It will be noticed that Jo(5) has a root at 


JJ6) 


0.8 


0.6 


0.4 


0.2 


BESSEL FUNCTIONS OF THE FIRST KIND J n (6) 

—- iii 


- 0.2 


-0.4 


-0.6 1-1_I_I_ L ! ! I I ) I 1 I 

I*IG. 19-3. Bessel functions of the first kind. 

about 2.40. 1 his means that the carrier will vanish when the frequency 

deviation is equal to 2.4 times the audio frequency. This fact provides 
a method for measuring the frequency deviation since the zero point of 
the carrier can be observed by a selective radio receiver 

A list of the roots of various Bessel f,• • • T n 10 i 

us i:>CSbei Junctions is given in Table 19-1. 

TABLE 19-1 

__ foots of J n ( 5) 

n = 0 1 2 o I . I 


2.4048 

5.520 

8.654 

11.792 

14.931 

18.071 

21.212 



.882 

5 

. 135 

6.379 

i 

1 

/ 

.586 

8.780 

7 

.016 

8 

.417 

1 9.760 

11 

.064 

12.339 

10 

. 173 

11 

.620 

13.017 

14 

. 373 

15.700 

13. 

16. 

. 323 

! H. 

.796 

16.224 

17 

.616 

18.982 

470 

17. 

960 ! 

19.410 

20. 

827 

22.220 

19. 

616 

21 . 

117 

22.583 

24. 

018 

25.431 

22. 

760 

24. 

270 

25.749 

* 27. 

200 

28.628 
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altered in this process. If the modulating signal has the form 
S1( e m = E m sin co m t 

Tl . 

*iie instantaneous phase of the wave is given by the expression 

6 = do 4- k p E m sin co m t (19-22) 

lere k p is a proportionality factor that determines the maximum varia- 
in phase for a given signal strength. 

1 find the analytic expression for the p-m wave, use is made of the 
that the instantaneous phase is given by 

tp(i) = co c t + 0o + k p E m sin co m t (19-23) 

Equation (19-3) for the present case, when written in full, becomes 

e — E c sin (cod + k p E m sin co m t) (19-24) 

. he constant phase 0 O is taken as zero, as it plays no part in the modulat¬ 
ing process. This expression is written in the form 

e = E c sin (cod + 0 d sin co m t) (19-25) 


where the maximum deviation in phase is 

e d = kpEm ( 19 ‘ 26 ) 

A comparison of Eq. (19-25) with Eq. (19-15) for the f-m wave indi¬ 
cates that the two forms are identical. Consequently the entire discus¬ 
sion of the spectral distribution of the energy contained in an f-m wave 
can be extended to p-m waves. Therefore the frequency spectrum of a 
p-m wave having a maximum phase deviation of, say, 10 rad will be 
identical in form with the frequency spectrum of an f-m wave having a 

deviation ratio of 10. 

There is one very significant difference between the f-m and the p-m 
waves, however. This difference is contained in the form of the phase 
deviation d d and the deviation ratio 6 that appears in Eqs. (19-25) and 
(19-15), respectively. The differences lie in the definitions of 0 d and 5, 

namely, 

d d = kpEm for p-m waves 

kfE m - - 

5 = — lor f-m waves 

0 >m 


Clearly, for p-m waves the phase deviation depends only on the amplitude 
of the modulating signal, and all modulating frequencies of equal E m will 
possess equal values of 6 d , independently of the frequency co m . As a 
result, the spectral distribution will be the same in each case, although 
the separation of the spectral lines will depend on the modulating fre- 

.rticular. if it is supposed that the maximum phase devia- 
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tion of a particular wave is 5 rad, there will then be approximately 8 

significant sideband components present. If the modulating frequency 

is 5 kc, then the bandwidth is 2 X 8 X 5,000 = 80,000 cps. If the 

modulating frequency for the 5-rad maximum deviation is 50 cps, then 
the bandwidth is 2 X 8 X 50 = 800 cps. 


In the case of frequency modulation, if the value of E m is such that the 
deviation ratio is 5 = 5 for a modulating frequency of 5 kc, then for an 
equal E m at 50 cps the corresponding deviation ratio is 500. The result¬ 
ing spectral distribution in these two cases will be altogether differ¬ 
ent, there being 8 significant sidebands for S = 5, and there being in 
excess of 500 significant sidebands for 5 = 500. The bandwidth is 


2 X 8 X 5,000 80 kc under the first conditions and is approximately 

2 X 500 X 50 = 50 kc in the second case. 


Owing to the simple difference in form between d d and 8, it might appear 

that it should be possible to use p-m waves to produce f-m waves. This 

would be possible if one could arrange, by means of appropriate circuits, 

to cause the apparent phase deviation to vary inversely as the modulating 

frequency. Such circuits are possible, and the Armstrong method of 

producing frequency modulation operates on this principle. The details 
of this method will be discussed below'. 


19-7. F-M Transmitters—Reactance-tube Types. A variety of meth¬ 
ods for the production of frequency modulation exist, although they do 
not all enjoy very great flexibility. In principle at least, the most direct 
way of producing an f-m wave is to alter the capacitance in the tank 
ciicuit of an oscillator. This might conceivably be done by incorporat¬ 
ing a capacitor microphone as part of the tank capacitor in an oscillator ( 
circuit. A considerably more satisfactory method, and one w'hich accom- '{ 
plishes the same result in substantially the same way, is to incorporate a 
reactance tube in the tank circuit 

A reac tance tube circuit is an electron-tube circuit w'hich is so designed 
that the effective output-terminal impedance is largely reactive, either 
m uctive or capacitive depending upon its manner of connection, the 
magnitude of the reactance being varied by varying the potential on one 

®. rl ° C >e ’. ^ incorporating such a circuit as part of the tank 

circuit of an oscillator, the effective tank-circuit inductance or capaci- *. 

tance, and so the resonant frequency of the oscillator, may be varied 
n c cc lica means. Moreover, it will be shown below that the instan¬ 
taneous carrier frequency of such a reactance-tube transmitter is directly 
proportional to the instantaneous potential on the control electrode of 
the reactance tube. As a result, therefore, the instantaneous frequency , 
°. , transmitter is directly proportional to the amplitude of the control 

* s P ro P 0 rtional to the modulating-signal amplitude. 

_ OC la gram of a simple reactance-tube f-m transmitter is showi^^^J 
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in Fig. 19-9. The essential features of certain of the elements of the 
circuit are examined below in some detail. In particular, the operation 
of the reactance-tube circuit, and the operation of the preemphasis circuit, 
will be examined analytically. 



f c - 9S.4 


f<C 75™ 


Fig. 19-9. A simple reactance-tube f-m transmitter. 




Buffer _ 

amplifier'll^ 




Vc[2S« c 



l f c =954 M< \ 
l f^-75™ 


Power 
ampHf'er\ 



Fig. 19-10. The reactance tube and its equivalent circuit. 


19-8. The Reactance Tube. A schematic diagram of a simple react¬ 
ance-tube circuit and its equivalent circuit is given in Fig. 19-10. It is 
desired to determine the effective output-terminal impedance of this 
circuit. This is readily accomplished. Note from the equivalent circuit 

the following relations: 


with 



(19-27) 


Also, the grid potential is 


i 


E fl = Rlc = 


RE ! 


R - jX c 


The plate current is 


which may be expressed as 


Ip = 


Ei 


Ei -f- nE, 


I, = - + - 

The total current is then 

II = In + L = 


RE X 


r p r p R — jX c 


(19-28) 


(19-29) 


RE X 



(19-30) 
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The output-terminal admittance of the circuit is given by the relation 


Z E, 


1 


R - jX c ^ r 


+ ~+9 


R 


which may he expressed in the form 


R - jXc 


(19-31) 


Y = 


1 


k + 


i 


(19-32) 


R j{l/aC) r p ' (l/< 7 „) -j(l/g„RCw) 

This expression indicates that, in so far as the output circuit of the 
reactance tube is concerned, it may be represented by the circuit of 

Fig. 19-11. Clearly, if the imped¬ 
ances r p and R — jX c are large 

compared with 



I 


1 


Fig. 19-11. The equivalent output circuit 
of a capacitive reactance tube. 


9 


~ J 


1 


m 


g m RCu 


and if 1/a )CR is large compared 

i ... , "'ith unity, the output-terminal 

mi ance ecomes purely capacitive and arises from an equivalent ca¬ 
pacitor having a capacitance g m RC. 

Sine e the output impedance of the reactance-tube circuit above may be 
made to appear as a pure capacitance g m RC, then if the modulating sig¬ 
nal is made to vary the g m of the tube, and this is readily accomplished 
by applying the modulating signal to the grid of the tube, the effective 
capacitance will then change with changes in grid potential. The circuit 
of such a reactance-tube f-m oscillator is given in Fig. 19-12. Also 



1 


6SJ7 
3000+S00 e 



1500 § 


C-Rectc+ance tube Tuned plate osc. 


-8 -6 -4 -2 

Grid volts 


T 7 < _ m to a . , -- wnC4 volts 

no. U- 12 . A reactance-tube f-m osriII»trti- „ j , . , • , 

with grid potential ator > and the curve showing the variation of 

included is a curve showing thn x-o f , 

. , . , in o Ine variation of q m of the tube with changes 

m grid potential. 

^ r °a ( tance tube may he connected to yield an effective inductance, 
la ler an an effective capacitance, across the output terminals. Such 

ronrU - u lts electrical equivalent, is given in Fig. 19-13. By pro- 
——i^- ln the same general manner as fo 
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Fig. 19-13. An inductive reactance tube and its equivalent circuit. 

circuit, it can be shown that the equivalent output admittance has the 
form 


Y = 


1 


1 


R + 


RJjuC 


+ r +1 


1 


, R , .c oCR 

— —y— J - 

Qm QmRg 0 m 


(19-33) 


R 0 + 1/jaC 

for which an equivalent circuit exists. This equivalent circuit has the 
form illustrated in Fig. 19-14. By the proper choice of the various 
elements in the circuit, the circuit 


reduces to the simple form, com¬ 
prising only an equivalent induct¬ 
ance CR/g m . 

A reactance-tube oscillator that 
incorporates an inductive react¬ 
ance-tube circuit as part of a 
Hartley oscillator is illustrated in 
Fig. 19-15. Also included is a 



Fig. 19-14. The equivalent output circuit 
of an inductive reactance tube. 


graph showing the variation of g m with changes in grid 3 potential. 

An approximate expression for the variation of the frequency of a 
reactance-tube oscillator as the potential on the control electrode is varied 
is readily possible. The transconductance may be expressed analytically 
as a function of the potential of the control electrode. Note from the 


m 



6L7 

(gJ/370+9SE c J 




4400 Ijf 



L- Reactance tube 


Hartley oscillator 


(a) 


-20 -16 ‘12 -8 -4 0 
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19-15. An inductive-reactance-tube f-m oscillator, and the curve showing, the 

•tode. 
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curve that 


But since 


_ Go , ~ 

Qm — JjT e c + Go 
& 0 


(19-34) 


m 


then 


e c = E cc + e 

— E cc + E m COS W m t 


(19-35) 




Go 


g m — Go 7T + 6*0 + yr cos 

^ o * E o 


(19-36) 


For the capacitive reactance-tube circuit, the effective output capacitance 


is 


c. = g m CR = GoCR ( l + *£ + f- cos 


tfo 1 £ 


0 



(19-37) 


If it is assumed that the frequency of oscillation of the oscillator is that of 
the tank circuit alone, then 


/ = 


1 


y/Lo(Co d - G e ) 


f = 


1 


27r 



oCo + L^GoCR ^1 -f- 


Ecc , E m 

I COS Gimt 


(19-38) 


#0 ' #0 


The carrier frequency is evidently the value of the frequency of the oscil¬ 
lator when the modulating-signal potential is zero. This is 


fc = 


1 


V L o [^o + G 0 CR ^1 -f 


E 


cc 


E, 



(19-39) >1 


The frequency ratio f/f c is given by 


/ 

/. 


1 



(19-40) 


1 4- LtQ oCRErn COS U m t 

Lo[CoEo + GoCR(E 0 + E cc )] 

By expanding this expression by the binomial theorem and retaining only 

the fiibt term in the expansion, since the total frequency shift is small, 
then 


' 


/ i | _ 1 _ E m COS a) m t _ 

f c ^ CqEo/GqC R -f- E C c -f“ Eo 


This expression may be written in the form 


(19-41) 
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where the modulation index is 



1 



2 CoEo/GoCR + E cc + E 0 


(19-42) 


19-9. Preemphasis Circuits. As discussed in Sec. 19-4, there is a 
relatively small amount of energy contained in the h-f portion of the audio 
spectrum. As a result, the deviation at these high frequencies is far less 
than the maximum allowable value of 75 kc. The corresponding band¬ 
width requirement is correspondingly less than the allowable 150-kc 
total. In fact, the relative h-f amplitudes are so low that it is customary 
to include preemphasis networks in the circuit to accentuate the h-i 
terms. In this way the relative signal strength at these higher frequen¬ 
cies is improved relative to tube and circuit noise, which has a uniform 
distribution over the entire audio spectrum. Of course, corresponding 
deemphasis must be incorporated in the receiver in order to bring the 
relative amplitudes of all frequencies to their proper levels. 

Preemphasis circuits are chosen to satisfy the equation 


% = _ 1 - (19-43) 

Ei \/1 -T («i/ w ) 2 

The value of an was originally chosen so that 1/on = 100 /isec but is now 
taken as 75 /isec. With such a preemphasis circuit the amplitude of a 
2,100-cps signal is increased in the ratio y/2/1 over the normal level, and 
the relative amplitude of a 21-kc signal is increased in the ratio 10/1. 


c= 


+ 


Fig. 19-1G. Two different preemphasis circuits. 

Either an RL or a CR circuit may be used to accomplish preemphasis. 
Two different circuits are illustrated in Fig. 19-16. In the RL circuit, 
the potential ratio E c /E! is readily found to be 




E* __ j< *L 

Ei R + juL 


1 _ 

Vl + (R/uL) 


I /tan- 1 (— R/cjL) 


(19-44) 


By writing a>T= E/L, this becomes 

If = _ — 1 (19-45) 

Ei Vl + (aii/ai ) 2 

Similarly, for the CR circuit, the mathematical development becomes 

Ec = R 
Ei R T* 1/juC 


(19-46) 
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which is 

E, 1 

(19-47) 


E, 1 + 1 /jwCR 

By writing wj 

= 1 /CR t 



E c 1 



Ei 1 — jcoi/w 

(19-48) 

or 

E c _ 1 

L 1 + (cdi/co) 2 

(19-49) 


19-10. Frequency Stabilization of F-M Transmitters. Just as in the 
case of the a-m transmitter, it is necessary that the average or carrier 
frequency of an f-m transmitter be maintained very nearly constant, even 
though the instantaneous frequency of the f-m transmitter varies with 
the modulating signal. When a reactance-tube modulator is used to 
modulate the carrier, the carrier cannot be crystal-controlled and the 
average frequency will depend to some extent on the temperature, the 
tube characteristics, and the various potentials. Slight drifts in the 
operating characteristics of the reactance tube or slight changes in any of 
the circuit elements will be accompanied by an appreciable change in the 
average fiequency. It is possible to minimize the effects of the drift in 
the reactance-tube characteristics by employing two such tubes in a 
balanced connection. Nevertheless the stability is not sufficient without 
employing some type of stabilization to maintain the carrier frequency 
within the 2-kc deviation specified by the FCC regulations. 

Two basically different methods of stabilizing a reactance-tube modu¬ 
lator are in present-day use. In both cases a standard reference fre- 1 
quency is provided by a crystal-controlled oscillator, and the fundamental 
or some subharmonic of the transmitter frequency is compared with this 
reference frequency. Deviations between the two serve to actuate con¬ 
trol circuits which operate in such a manner as to reduce these deviations. 

The RCA and Federal Telecommunications Laboratory schemes employ 
somewhat similar all-electronic methods to effect the frequency stabiliza¬ 
tion, and the Bell Telephone Laboratories method employs a frequency- 
sensitive servomechanism which drives a small motor to which is geared * 
the tuning capacitor, the direction of rotation of the motor being deter¬ 
mined by the relative frequency of the transmitter and the reference 
standard. 

The RCA method ot stabilizing a reactance-tube f-m modulator 1 is 
shown schematically in Fig. 19-17. In this circuit the frequency of the < 
reference ciystal differs from the center frequency of the f-m transmitter 
b> some definite amount, say 1 Me. The two frequencies are mixed, 

the difference frequency is applied to a discriminator fthe operalifllL^^^ 
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of the discriminator will be discussed in Sec. 19-16). The d-c output 
from the discriminator, which is a direct measure of the difference 
frequency, is then applied to the grid of the reactance-tube modulator in 
such a manner as to make the net control potential equal to zero when the 
difference frequency is exactly 1 Me. Any frequency drifts can then be 
appreciably reduced. Clearly, the method cannot yield perfect stability, 
for unless there is a slight frequency difference, no control potential is 
applied to the modulator. However, the improvement that results is 
sufficient to maintain the frequency stability within the FCC regulations. 



Fig. 19-17. RCA method of stabilizing a reactance-tube frequency modulator. 

The Federal center-frequency-stabilization system is shown schemati¬ 
cally in Fig. 19-18. In this system the frequencies of the crystal oscillator 
and the master oscillator are each divided to a common frequency and are 
then combined in a balanced phase detector. The d-c output potential, 
which is a measure of the phase difference between the two oscillators, is 
used to actuate the reactance-tube modulator in a manner to lock the 
oscillator mean frequency to that of the crystal reference frequency. 
This system maintains the center frequency constant within about 1 kc. 



Fig. 19-18. The Federal center-frequency stabilization system. 


The schematic diagram of the Bell Laboratories method of stabilizing 
the frequency of an f-m transmitter 2 is illustrated in Fig. 19-19. Here 
the output is frequency-divided, and the resulting subharmonic is then 
modulated by the output of the crystal-controlled oscillator in such a 
manner as to produce two-phase beat currents. These currents are used 
to operate a small synchronous motor to which is geared a tuning capaci¬ 
tor, which is part of the f-m oscillator circuit. If the subharmonic 
ains in synchronism with the crystal reference, the motor does not 


wjj] 
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move. If the carrier frequency drifts, the armature rotates, the direction 
of rotation being set so as to readjust the carrier to the correct frequency. 
This method of stabilization proves to be very satisfactory and operates 
over a very wide range of drifts to yield satisfactory results. 



Fig. 10-19. The Bell Laboratories method of stabilizing a reactance-tube frequency 
modulator. 


19-11. F-M Transmitters Armstrong System. The Armstrong phase- 
shift method of obtaining frequency modulation incorporates a crystal- 
contioiled oseillatoi as a basic element of the system. Consequently this 
system has an intrinsic stability as good as that of its crystal, and no 
additional frequency stabilization is required. 

Before the specific features of this method of producing frequency 
modulation aie examined, it is pertinent to examine the spectrum of p-m 
waves with small value of maximum phase deviation. For the particular 
case where 0 d = 0.5, which is illustrated in Fig. 19-6, the significant terms 
depend on the following values of Bessel functions, 

Jo( 0.5) = 0.9385 
J i(0.5) = 0.2423 
{ 2 ( 0 . 0 ) = 0.0306 
J n { 0.5) == 0 for n > 2 

and the modulated wave has the explicit form 

. e ~ E c sin (a ) c t + 0.5 sin u m t) (19-50) 

which is 


c = 0.9385 E c sin a , c t + 0 2423£ c [si„ („ e + Um)t _ sin („ e _ Um)t ] 

+ 0.0306E„[sin (a V + 2a , m )t + sin (w e - 2a >„)t] (19-51) 

Note, however, that the second sideband components are quite small and 
that the expression may be written approximately as 

e = 0.9385 jtf. sin w c t + ~ [sin (a , c + u „)t - sin (a e - a > m )t] (19-52) 

Clearly, this expression will be more accurate for values of less than 0.5. 
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Now consider the corresponding a-m wave, having the form 

e = E c { 1 + m„ sin u m l) sin u c l (19-53) 

which may be written as 


e = E c sin u c t + y [“ cos + "•»)< + cos _ " m) ' ] (l9 ~ 54) 


Note specifically that, if m„ = 6 d , the only essential difference between the 
a-m and the p-m waves is in the relative phase of the earner and the side¬ 
bands. Evidently for small values of 8 d , if the sidebands of the a-m 
wave can be shifted by 90 deg with respect to the carrier, a p-m wave 
results. It is immaterial, of course, whether the phase of the carrier or 
the phase of the sidebands is shifted in order to achieve the p-m waves. 

The process here discussed can be given graphically in a manner that is 
quite illuminating. It was shown in Sec. 17-2 that amplitude modulation 



Fig. 19-20. The sinor representation of an 
a-m wave. 



Fig. 19-21. The sinor represen¬ 
tation of a p-m wave. 


could be represented by means of a sinor diagram. In this diagram, the 
^carrier potential is represented by a fixed sinor, and the sideband com¬ 
ponents are represented by two sinors which rotate in opposite directions. 
This sinor representation is redrawn for convenience in Fig. 19-20. The 
resultant sinor e represents the a-m wave at any instant. 

A corresponding sinor representation of the process of p-m production 
is possible. Here, as shown in Eq. (19-52), the carrier must be shifted 
in phase by 90 deg relative to the sidebands. The resultant sinor diagram 
then has the form shown in Fig. 19-21. It is evident from this diagram 
that a p-m wave does result. Moreover, since 9 d is chosen to be small, 
f the amplitude variations that result in this process are very small. For 
large deviations 6 d , distortion is introduced. Figure 19-22 shows the 
percentage distortion vs. maximum phase deviation which results. 

A block diagram of an Armstrong type f-m transmitter is given in Fig. 

19-23. The essential features of the system are the following: A stabilized 

200-kc primary frequency oscillator is used to control the mean or carrier 

frequency of the radiated wave. Part of this 200-kc signal is mixed in a 

balanced modulator with a signal representing a frequency-distorted ver- 
* - - . • 1 ' - 1 u ~ such that the ampli- 
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Fig. 19 23. Block diagram of an Armstrong f-m transmitter. 

tude is made to vary inversely with its frequency. The output from the 
balanced modulator is the a-m sidebands with the carrier-frequency 
component missing. The modulation products are shifted through 90 deg 
in phase and are then combined with the carrier in the combining buffer 
amplifier. The result is an f-m wave, which has been achieved from the 

the phase deviation of which has been made to vary inversely 
with the modulating frequency. The resulting fre 
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multiplied in frequency until it is brought to the desired frequency level for 

final amplification and transmission. 200 * 

19-12. Predistorter Circuit. The ——r---t- 

function of the predistorter circuit is to 2pf k 

provide an output potential the ampli- E / c "" | Ec 

tude of which varies inversely with the __ 1 J 

frequency of the input potential. A Fig 19 _ 24 . A predistorter circuit, 
circuit which achieves the desired re¬ 
sults is given in Fig. 19-24. The ratio of the output to the input poten¬ 
tial is given by 


R%!“ E c 


Fig. 19-24. A predistorter circuit. 


Ec 


R + 


Ri/juC 
R i + 1 /j*C 
■ Ri/jo>C 


Ri + 1 /j*C 


Ri 

1 “l - j<»CR i 
it _i- !h — 

+ 1 +j<*CR i 


1 -j- R 


1 + ju)C R 
R'i 


(19-55) 


■ or 


Ec 

Ei 


1 + R/R, + j<*CR 


(19-56) 


This becomes, for the specific circuit constants indicated on the diagram, 


Ec 

E! 


1.02 -fi2.51/ 


(19-57) 


Note particularly that for all frequencies in excess of 50 eps the results 
are given within 1 per cent by the expression 


E c 1 
Ei J2.51/ 


(19-58) 


19-13. F-M Transmitters—The Phasitron. A cutaway sketch of the 
General Electric GL-2H21 phasitron is shown in Fig. 19-25. It consists 
of a cathode, an electrostatic focus and deflection system, and an anode 
structure. The electrons that are drawn from the cathode surface to 
the anode assembly are acted on by the focus elements to form a tapered, 
thin-edged disk, whose axis is the cathode and whose focus is at anode 1 
i of the anode assembly. The deflection system consists of 36 rigidly 
mounted elements whose active portions lie in a radial plane below the 
electron disk and a solid neutral plane located above the disk. Every 
third deflector is connected together and to one phase of a three-phase 
excitation source. The three-phase potential source comprises a crystal 
oscillator and phase-splitting network. 

The action of the deflection system is such that portions of the electron / 
disk are deflected above or below the normal plane by the magnetic field' 
three-phase system to form a sinusoidal edge. The appearan^yof 
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the disk is clearly illustrated in Fig. 19-25. The disk may be considered 
as rotating at a rate determined by the crystal oscillator. 



Fig. 19-25. The General Electric GL- 
2H21 phasitron. 


Anode 1 is a cylinder with 24 holes 
punched alternately above and below 
the normal plane of the disk. Elec¬ 
trons striking the surface of the cylin- < 
der are collected by it, while those 
which pass through the holes are col¬ 
lected by the solid anode 2. Figure 
19-26 shows a developed portion of 

anode 1 . The solid sine curve repre¬ 
sents the edge of the electron diskat 
the time the maximum number of 
electrons passes through the openings 
to anode 2. The dotted curve shows 
the situation one-half cycle later, and r 
almost no electrons pass through the 
openings to anode 2 . If, therefore, the 
two anodes are connected to opposite 
ends of a resonant circuit, the circuit 
will be excited at the crystal driving 
frequency and in a time-phase sense 
that is determined by the phase of the 
anode-current pulses. 


Frequency modulation of the reso¬ 
nant anode circuit is produced b\ 
phase modulation of the electron disk. 
This is accomplished by applying the 
audio signal to a solenoid which sur¬ 
rounds the phasitron. The axial mag¬ 
netic field that is so produced causes 

the electron disk to be advanced or 

• , 

retarded about its axis relative to its 
zero-signal position. Consequent!} 
the phase of the oscillator is shifted,- 
with a resultant production of P" m 


ves. Moreover, since the magnetic 
d is produced by a solenoid which 


-A * 11 __ 



. frequencies, then, for a constant po- 

tenhal input, the current, and hence the magnetic field that is produced, 

p! ) ar \ inversel y with the frequency of the impressed potential- 
oar 3 , t lerefore, the output from the oscillator is an f-m wave. ^ 
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A schematic diagram of the phasitron f-m transmitter is given in Fig. 

19-27. 



Fig. 19-26. A developed portion of anode 1. 



Fig. 19-27. The General Electric phasitron f-m transmitter. 


19-14. F-M Receivers. The basic circuit of an f-m receiver is some¬ 
what similar to that of an a-m receiver of the superheterodyne type. 
However, there are a number of significant differences in the two receivers. 
/The required bandwidth in the f-m receiver is larger than that for a-m 
reception, which requires that the frequency converter and the r-f and 
the i-f amplifiers must be designed for this broader bandwidth. Also, 


Input 

88 -! 06 Mc 


R-f amp 



| f^l3 J Mc 


Aud/'o 

frequency 

amp/if/'er 




Fig. 19-28. Block diagram of a typical f-m receiver. 

the last i-f stage of the f-m receiver is operated as a limiter, thus eliminat¬ 
ing any fluctuations in the amplitude of the i-f carrier, however produced. 
The other outstanding difference is in the circuit used to demodulate the 
f-m carrier. The f-m discriminator that is used to convert from frequency 
modulation to amplitude modulation does not appear in an a-m receiver, 

erates 
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somewhat differently in the f-m circuit. The operation of this will be 
examined below. 

A block diagram of a typical f-m receiver is shown in Fig. 19-28. Such 
a receiver must provide a high r-f gain in order to permit high sensitivity 
with amplitude limitation. Also, it is necessary to use a relatively high 
i-f frequency in order to permit the necessary 225-kc bandwidth. In 
addition, the high intermediate frequency has the feature that the image 
signals fall outside of the tuning range. In particular, in the block 
diagram shown for use in the range from 88 to 108 Me, the image fre¬ 
quencies lie in the band 115.4 to 135.4 Me. 

19-15. The Limiter. It is the function of the limiter to remove any 
amplitude modulation that might exist in the signal. These fluctuations 
in the amplitude of the i-f carrier might have been produced either by 



Input, rms 


Fig. 19-29. The circuit of a limiter, and the general character of the results. 

variations in the transmitting conditions or by r man-made or natural 
static. Such a circuit, which usually operates on the nonlinear portion ^ 
of its characteristic, provides an output potential that is sensibly inde- 1 
pendent of the amplitude of the input potential. Such limiter action 
is easily secured by operating the plate of a tube at a very low plate 
potential, by using a high series grid resistor, by using a low screen poten¬ 
tial, or by a combination of these three. 

As ordinarily used, the last i-f stage of the f-m receiver is usuall) 
operated at low screen and low plate potential, in a circuit of the type 
illustrated, to serve as the limiter. The operation of the circuit depends 
on the characteristic of pentodes with low applied potentials. With * 
such low potentials the operation falls below the knee of the plate charac- \ 
teiistic. I he plate current becomes independent of the amplitude of 
the grid potential over wide ranges. The general character of the g&i 11 
curve is also included in Fig. 19-29. Such a circuit as that illustrated 
will saturate at about 10 volts input to the grid, and at this point the 
stage has a gain of approximately 3. 

19-16. The Discriminator. In demodulating an f-m wave, the method 
generally^ used is first to convert from frequency modulation to amplitj^^^ 
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modulation and then to demodulate the amplitude modulation by con¬ 
ventional methods. The circuit that is used to effect this conversion is 
known as a discriminator. A variety of such circuits is possible, and 
several will be considered in some detail. 

The simplest form of discriminator comprises an ordinary resonant 
circuit that is tuned to a frequency that differs somewhat from the 
average or carrier frequency of the f-m signal. An exact analysis of such 
a network is actually quite complicated owing to the fact that the fre¬ 
quency of the applied signal is a changing one, and the problem is there¬ 
fore not a simple steady-state-frequency one but really requires a tran¬ 
sient analysis. 'An analysis of the problem shows that if the bandwidth 
of the tank circuit is large compared with the audio rate at which the 
frequency of the applied potential is varied, the normal steady-state 



Fig. 19-30. A simple antiresonant circuit operating as a discriminator. 


^ methods of analysis may be applied without serious error. If this 
quasi-steady-state method of analysis may not be used, the problem 
becomes exceedingly complicated. 

The approximate action of such a slope detector is illustrated graph¬ 
ically in Fig. 19-30. Clearly, as the carrier frequency fluctuates, the 
current in the detuned circuit varies, increasing as the impressed fre¬ 
quency approaches the resonant frequency of the circuit, and decreasing 
as the impressed frequency departs from the resonant frequency. The 
output from such a circuit is an a-m wave. However, since the side of 
^ the simple resonance curve is not linear, the a-m output is distorted. 

A second feature of such a simple circuit as an f-m detector is that it 
provides no a-m rejection. That is, if the applied potential is doubled, 
the current is also doubled. This means, therefore, that any amplitude 
modulation that exists in the applied signal will also produce an effect 
in the output. Noise produces such an a-m effect, and in order to ensure 
noise-free performance a very good limiter is required ahead of this 
discriminator circuit. Because of its several shortcomings, such a simple 

sed. 
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The linearity can be greatly improved by using two “off-tuned” or 
“stagger-tuned” circuits instead of one and then choosing the difference 
between the two outputs. Such a stagger-tuned discriminator circuit 3 
is illustrated in Fig. 19-31. In this discriminator, the input A is tuned to 



Fig. 19-31. A discriminator employing two stagger-tuned circuits. 


the carrier frequency f ey circuit B is tuned to a freq 
higher than f e , and circuit C is tuned to a frequ 


lower than f e . 

ie 


uenev that is somewhat 
a frequency that is somewhat 
The a-m output from such a circuit is without appreciable 

distortion, owing to the linear 
resulting characteristic around the 
point f c . Such circuits suffer from 
the fact that reception is possible 
at three points, corresponding to 
each outer portion of the resonant 
curves and also to the center or 
desired linear operating region. 
The response from such a circuit 
is illustrated in Fig. 19-32-^ 

As seen in the diagram, the output from each circuit is passed through 

l •_1 _ J _i ___ r « i , 





Fig. 19-32. The a-m output from the dis¬ 
criminator of Fig. 19-31. 


—■» / - — 

a diode detector of the envelope or peak detection type. The capacitors 
C i an d C 2 are equal and have negligible reactance at the carrier fre¬ 
quency. The resistances R Y and R 2 are equal and are quite large. The 

C =50/j/mf 





+ "" *1 

'- 


L**2mh 


Fig. 19-33. A center-tuned discriminator circuit. 


d c potential across C\R\ is a measure of the amplitude of the output 
from circuit £, and the d-c potential across C 2 R 2 is a measure of the ampli" 
tude of the output from circuit C. Also, the total output across a'b' 
— then a measure of the difference between t 
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B and C and has a form like the resultant curve of Fig. 19-32. By 
careful adjustment of the circuit constants, and if the frequency devia¬ 
tion is limited to the range between / 2 and /j, the rectified potential is an 
approximately linear function of the impressed frequency. 

Another commonly used type of discriminator circuit 4 is shown in Fig. 
19-33. It is possible to show that this circuit is substantially a stagger- 
tuned pair 6 and that the results illustrated in Fig. 19-32 also apply for 
this case. 

A limited analytic solution of the operation of the center-tuned dis¬ 
criminator circuit is possible. Consider first the series circuit comprising 
CL 3 C 4 across terminals 1 and 2. At the i-f frequency, assumed to be 4.3 
Me in this circuit, 


Xc = 

X C4 = 
XL3 = 


10 


12 


2tt x 4.3 X 10 6 X 50 
400 ohms 

2tt X 4.3 X 10MC2 : 


= 800 ohms 


The potential across L 3 is then seen to be 


Er = 


jX Z. 3 E 12 


j X L z — j(X c 1 + X c 4 ) 


= E 


12 


(19-59) 


Consider now the mutually coupled circuit. If the mutual inductance 
is small, the impedance coupled into the primary circuit is small and 
approximately, therefore, 

E 12 


I = 


R 1 +jX L 1 


which becomes, for high-Q coils, 


I = 4 


E12 


jX 


L 1 


(19-60) 


The potential induced in the secondary is then 


E, ec = ±jo)Ml = ± ~ E 12 


M 

U 


(19-61) 


If the loading effects of the diode rectifiers are neglected, then 


Eo* — 


-jX C 2 E 


bcc 


where 


7^2 + jX L 2 — jX C 2 
X 2 = 2 -77" 

WC 9 


__ , jXciM/Li 

~ R 2 + 3 X 2 


E 


12 


c/a-62) 


Note now that the output d-c potential E a > 0 is proportionafto the peak 
of the envelope of Eao, and correspondingly the output potential E h > 0 is 
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proportional to the peak of the envelope of Ebo. The total output d-c 
potential is 

Ea'b' = E a 'o + E ob ’ = E a > 0 - E b ' 0 (19-63) 

However, the a-c envelopes can he represented in terms of the potentials 
E ab and E l2 , namely, 




E ao = E ac + E l = E ac + E 12 = ^ + E 


12 


Efeo — Efcc T' E r — — E cb -f- E12 = -+ E12 


(19-64) 


Consider the situation when the instantaneous frequency equals the 
carrier frequency. At this frequeue}', the secondary circuit is resonant, 
and the quantity X 2 is zero. The potential E a6 is then given by the fol¬ 
lowing expression, obtained from Eqs. (19-62). The positive sign is 
chosen arbitrarily. 

M 


T? _ A XC2 d/ _ 

J TJ T &12 ~ J 


R 2 L x 


CO 


c 2 L , 


r- E \ 2 Y/0 


(19-65) 


The potentials E ao and E bo then have the amplitudes and phases somewhat 

as illustrated in the accompanying sinor 
diagram. Note that since 



and 


E^ = E 


bo 


'12 


then 


E a ’o = E 


b’o 


E a’b’ — 0 


When the instantaneous frequency is greater than the carrier frequency, j 


the secondary reactance X 2 is positive and Eqs. (19-62) may be written 
in the form 




M 


E «* =j-7T~rE l9 


1 


R 2 +jX 2 


= J 


M 


(jj(J 2 E i 


Ei 2 Y/-0 


(19-66) 


The corresponding sinor diagram has the form shown. 
Here, since 

Eao > Ebo 

then 


Ea'o > E b ’o 
and it follows that 

E a v is positive 



When the instantaneous frequency is less than the carrier frequency, 
X 2 is negative and Eqs. (19-62) become 



1 


coC 2 L ! “ R 2 - jX 2 


= J 


M 


uC 2 L 


e 12 y/6 


(19-67) 
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The corresponding sinor diagram in this case is as shown. In this case 

E ao < Ebo 

and 

E a 'o < E b ' 0 

so that 

E a ' b ' is negative 

An analytical solution is also possible, 
the details of which more or less dupli¬ 
cate the foregoing semiquantitative graphical solution. This develop¬ 
ment proceeds from Eq. (19-62), which is written in the form 



Eq£ _ . X C2& y/E<i/E\ 

“ +J + jx. 


12 


Also, noting that 


and 


Ri + jX 2 = R t { 1 + j26Q 2 ) 


C 2 


1 



R 


<j)C 2R2 


= Q 


and choosing the positive sign, then 


Eaf, 

E 


ib _ ■ E_ 

.2 ~ J \b 


kQi 


, 1 + f26Q* 


(19-68) 


Combine the foregoing with Eqs. (19-64), and recalling that the audio 
output from a peak diode detector is related to the impressed modulated 
signal through the detector efficiency (see Sec. 18-4), then directly 


and 

Therefore, since 


Ea'o = v 


E b ' 0 — rj 


1 +J 


. 1 / /> 2 kQv 

' 2 \Li f + 72 


1 


,i Ik. 

3 2\L, 1 


j2SQ 2 
kQ 2 

+ j2SQ 2 


Et 2 


£, 2 


(19-69) 


Ea'b' = E a 'o ~ Eh' 


ao 


b'o 


then 


i’av = 7 jE 12 (! 


1 + 3 


.1 \U_ 

' 2\L, 1 




+ 


1 


_ I IL* _ 
3 2 1 


A:Q2 


4- j26Q 2 


(19-70) 


A plot of this expression has the general form illustrated in Fig. 19-32. 

The foregoing analysis is subject to the very serious limitation that 
the potential E 12 does not remain constant with frequency. As a result, 
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Eq. (19-70) does not represent too well the action over the entire range. 
As a matter of fact, by careful design the effect of a varying Ei 2 may 
serve to improve the performance of the discriminator, by extending the 
linear range considerably beyond that given by this expression. 

The complete expression for the discriminator may be obtained in 
the following way: Refer to Fig. 19-34, which isolates the inductively 


Pentode. 



E a b 


2 b 

Fig. 19-34. The inductively coupled portion of the center-tuned discriminator 


coupled portion of the network. The controlling equations of this net 
work are the following: 


+j 551 1 + [ Rl + j (“ Ll ~ i) j 11 " juMh = 0 (19 . 71) 

—juMI 1 -|- 4 - j (uL 2 — *2 = 0 


In the neighborhood of the resonant frequency w 0 , these may be written as 


#i(l + j2bQ l )l l — ju>oMl 2 = —j —ir-I 

1 


-juoMh + R 2 { 1 + j2SQ 2 )I 2 = 0 


(19-72) ,, 


Now solve for i! in terms of I. The result is 


R,R 2 {\ + j25Q,)(l + j2&Q 2 ) + (a, 0 M) 2 T 

fl 2 (l + j2SQ 2 ) ~ 


-J 


1 


0)0 


Cl 


I 


Dividing both sides by RiR^, the resulting expression may be written as 


Hence 


(1 + j28Q l )( l +j28Q 2 ) + k 2 QiQ 2 _ 

#*(1 + j26Q 2 ) 


-i^ i 


R 


(19-73) 


Ii = 


- jQ ,_ 1 + f26Q 2 __ j 

(1 +j2«Q,)(l -)- j2SQ 2 ) + 


(19-74) 


from which it follows that I, » I. Therefore 


E 12 — j 


1 


WqC i 


II 


(19-75) 
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so that 


E12 — 


1 + j2hQ, 


(1 + j26Qi)(l + j26Q 2 ) + k 2 Q x Q 2 


Ril 


(19-76) 


Combine this expression with (19-68) to obtain E nb , namely, 


E 


ab 


. lL t 
= J yjL l 


kQ 


(1 + j26Qi)(\ + j26Q 2 ) + k 2 QiQz 


/?, I (19-77) 


Equations (19-76) and (19-77) determine E i2 and E^ quite accurately 
for ordinary primary and secondary values of Q. 



Fig. 19-35. Response obtained from an overcoupled discriminator. 


It is customary to choose Qi = Q 2 = Q. Then 


E1 2 = 


1 + j26Q 


Eoft = 


(1 +J26Q) 2 + kQ 2 

kQ 


Ril 



(1 +j2BQy + kQ 2 


Ril 


For completeness, the ratio E a 6/Ei 2 is noted, 


E afe _ . lL/2 kQ 
“ J ^Li \ + ]26Q 


(19-781 


(19-79) 


This latter expressions shows that the form given in Eq. (19-68) is not 
altered by the more complete analysis. However, the first of Eqs. (19-78) 
shows that Ei 2 is not a constant but varies with frequency, under the 
assumption of a constant pentode current I. In place of Eqs. (19-69) 
there now follows 


E a 'o - 


1 + j26Q 


Eb’o = 


(1 + j28Q) 2 + kQ 2 
1 + j28Q 

(1 +j2*Q)* + kQ 2 


1 +j 


;I /L*_ 

2\L, 1 


kQ 


('-'Wiii 


+ j26Q 
kQ 


+ j26Q 


Ril 


RJ 


(19-80) 
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a'b' = yRi I 


T j_ 1 + j28Q 

(1 + j28Q) 2 + kQ 2 

i + .1 Iki __ 

3 2 \L X 1 +j2SQ 




kQ 

+ j2*Q 


(19-81) 


This expression gives a good representation of the discriminator curve. 

A complete discussion for the determination of the optimum values 
of kQ and y/L 2 /L\ will not be undertaken. Such an analysis shows that 
kQ = 1 and y/~L 2 /L\ = 1 are desirable values. If kQ is less than unity, 
which is the condition for loose coupling, the linear portion of the dis¬ 
criminator curve is relatively small. If kQ is greater than unity, which 
is the overcoupled condition, the results obtained have the form illus¬ 
trated in Fig. 19-35. 

v '19-17. The Ratio Detector. 6 The ratio detector has found extensive 
use in f-m receivers, since a very good noise-free performance is possible ^ 



Fig. 19-36. The basic ratio-detector circuit. W"* 


with relatively few components, and with no requirement for limiter 
circuits. To understand the basic operation of the ratio detector, refer 
to Fig. 19-36. This is not the complete circuit of the device, but it does 
permit a direct discussion of its operation. It should be noted that this 
circuit is quite similar to the Foster-Seeley circuit of Fig. 19-33, except 
that the diode 7T is reversed in polarity. 

Suppose that the potential developed across Ri is Ei = —E volts at 
the center frequency. The potential developed across R 2 is E 2 = —E ^ 
volts. The net potential E z is — 2E, instead of zero, as in the Foster- 
Seeley circuit. If the input signal is detuned slightly, the potential 
across R x changes to, say, -E + AE, while that across R 2 changes to 
— E — AE. The net-potential E z remains —2 E. Now, however, the 
potential across R 2 has changed by an amount — AE and may be used 
as an audio output. Observe that since E z has not changed, the capacitor 
C may be made very large and is usually an electrolytic capacitor with a 
capacitance of 10 nf or more. 
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The foregoing paragraph shows that the output potential Ez remains 
constant for changes in frequency. It is now of interest to examine the 
effect of a change of amplitude of the input signal which occurs at an 
audio rate. The presence of the large capacitor C prevents E z from 
varying over the audio cycle. Similarly, the potential E 2 cannot follow 
variations in amplitude of the input signal. Thus, si nce E* is independ¬ 
ent of amplitude variations in the input, it is expected that changes in E 2 
will be proportional only to the ratio of the magnitudes of the potentials 
applied to the two diodes, which in turn depend on the frequency. 

To show these results analytically, it is convenient to use certain of 
the results of the analysis of Sec. 19-16. By comparing Figs. 19-36 and 
19-33, the essential difference is seen to lie in the polarities of E a 'o and 
E b >o of the two circuits. However, in both cases Ei 2 and are the same 
as before, and Eqs. (19-78) apply here. For the ratio detector 


Ea'b' = E a 'o -f- Eob' = vdEaol + \Ebo\) 


and 


E a 'b' = i)R\I 


1 + j2bQ 


(1 + j28Q)* + kQ 


1 + 3 


. 1 \L 2 k( t 

1 2 \Li TT7 


+ 1 


_ .1 ju_ 

J 2 L\ 1 


kQ 
j2SQ 

kQ 


+ j2hQ 


(19-82) 


This expression shows that the total output differential potential is a 
function of the tube current /, and so of the input-signal amplitude. 
In so far as the variation with frequency is concerned, this expression 
varies very slowly, and over the range of operation it is substantially 
constant. 

Now examine the ratio 

kQ 
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ao 


1 1 


2 Li 1 -I- j26Q 
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1 -jl Li 


kQ 


2 U 1 + j28Q 





(19-83) 


This ratio is independent of /, and so of the input-signal amplitude. 
Also over the range of operation the expression on the right approximates 
to 

Ea'o 


E 


ob' 


= const 4- A 8 


(19-84) 


where A is a constant. This expression shows that the ratio depends 
directly on the frequency deviation from the center frequency. 

The more complete form of the ratio detector is shown in Fig. 19-37. 
The changes that have been introduced in this circuit are designed to 
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overcome the tendency of the diodes to cutoff. This is precisely the 
problem that exists for the simple peak diode detector, and as a result 
the load resistors must be made quite low, the ordinary values ranging 
irom 2 to 10 kilohms. Actually a single load resistor R 3 is used, since the 
diodes are essentially in series. 

It should be noticed also that, because of the low load resistance Rn 
with its consequent heavy primary loading, it is expedient to tap down 
on the primary winding. \\ hile this produces a loss in secondary poten¬ 
tial, the reduced loading more than overcomes this loss of potential. 
While the change discussed effects a substantial improvement, a sudden 
change in applied-signal amplitude will still result in diode cutoff. 



The second change that is made is the addition of a second time con¬ 
stant, represented by R l C 1 and R 2 C 2 . The resistances Ri and R* are 
ordinarily much smaller than R h and C l and C 2 are essentially i-f by-pass 
capacitances. I he d-c potential across C 3 may now discharge rapidly 
with a laige 1 eduction in input amplitude, and cutoff likelihood is sub¬ 
stantially reduced. Because of this loading, the ability of the detector 
to 1 eject a large increase in input amplitude is slightly impaired. 

In addition to the elimination of the need for the limiter with the 

ratio detectoi, the small signal a-m rejection is so improved, owing to the 

fact that the limiter is eliminated, that the required input to the ratio 

detector may be considerably smaller than with the discriminator for 
noise-free operation. 


/ 


19-18. Capture. A very interesting and important feature of an f-m ^ 
system is known as capture . This is the tendency of the f-m system to 
ignoie the weaker of two signals of nearly equal amplitude and equal or 
neaily equal frequencies. To examine this matter, consider the desired 
signal to ha\e twice the amplitude of an unmodulated interfering one, 
the average frequency difference being The desired signal may be 
modulated, but if/* > f mj the conditions will be considered for a period 


which is short compared with / m , so that the frequency of the desired 
modulated signal is essentiallv fixed. For added convenience, the situ- 
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ation will he examined at the time when the modulated signal is at tin* 
instantaneous frequency f c , which occurs at a zero point in the cycle 
of the modulating frequency. The situation discussed may be depicted 
graphically, as in Fig. 19-38. 

Figure 19-38 is a representation of the desired signal plus the interfering 
signal. Also shown is the limiting circle, which specifies the output after 
the limiter stage. Note that, owing to the interference, the resultant 
signal may deviate ±0 from the value of the signal E t . However, as 
long as Ei < E s , the average angular position of Er is just that of E r , 
and the interfering signal does not change the average frequency of the 
desired signal. 

The phase variation, or perturbation, occurs at the rate /,. But if /, 
is outside of the audio range, the variations in frequency of E lt are not 
heard. In the ideal case, the detector responds only to E t , as long as 



Fig. 19-38. The sinor representation of a desired signal plus an interfering signal. 


E{ < E„ and as long as f, differs in frequency by more than/., of the audio 
system. 

If the interfering-signal frequency/, is in the audible range, the phase 
perturbation will produce a frequency deviation which may be heard. 
The equivalent frequency modulation that is produced is small, since 
dd/dt is proportional to /,. In any case, therefore, the interference is 
negligible, even if the signal and the interference are at exactly the same 
frequency. In practice, most f-m detectors will ignore the interfering 
signal as long as the ratio of the desired- to interfering-signal amplitude 
is perhaps 3 or greater. 
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PROBLEMS 

19 - 1 . Determine and plot the instantaneous frequency corresponding to each 
of the phase functions in the figure. 



19-2. A 100-Mc f-m signal is modulated ±75 kc at a 400-cps rate. Write an 
expression for the instantaneous potential if the signal amplitude is 10 volts and 
if both the frequency and instantaneous magnitude are a maximum at t = 0 sec. 

19-3. A wave is frequency-modulated at an audio rate of 5,000 cps. If the 

frequency deviation /<* is 75 kc, plot the spectrum of the wave, including all sig¬ 
nificant sideband components. 

19-4. ci. The amplitude of a 15-kc wave causes a 75-kc frequency deviation of 
an f-m wave. Plot the spectrum, and calculate the bandwidth required to pass r 
all sidebands of appreciable magnitude. 

b. Suppose that the amplitude is altered to give deviation ratios of 3 and 1 • 
Repeat part a for these two cases. 

c. From these results, estimate the value of the deviation ratio that may be 
used and still be within the FCC limitations of ±75 kc frequencj r band spread. 

19-6. Consider the reactance-tube circuit shown in the diagram. Show that 
by choosing L properly Z is capacitive and is given by C/g, n R without approxima¬ 
tion. Compare with Eq. (19-32). 



19-6. Given the reactance-tube circuit illustrated at the top of page 637. Show 
that if the reactance of C is negligible at the operating frequency, and if o)L » R> 
the effective input impedance results from an inductance L/g m R • 
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19-7. Consider the reactance tube and oscillator shown in the diagram for 
this problem. The oscillator is to operate at 5 Me with a frequency deviation 

in g m is required to achieve the desired frequency 

modulation? 


of ± 10 kc. What change 



19-8. Assume that between the limits of —2 and —6 volts the ( g mf e c i) charac¬ 
teristic of a 6SJ7 tube may be represented by the expression 

g m = 3,000 -f 500c c jumhos 

This tube is connected as a reactance modulator, as illustrated in the accompany¬ 
ing figure. It is desired to have a center or carrier frequency of 5 Me and a fre¬ 
quency deviation of 7.5 kc. Determine the correct setting of the oscillator tank 
capacitance and the required modulating potential. 



19-9. Carey out the analysis to show that Eq. (19-33) does give the equivalent 
output admittance of the inductive reactance circuit. 

19-10. Obtain an approximate expression for the variation of the frequency 
of an f-m oscillator as the potential on the grid of an inductive reactance tube is 
varied. Proceed in a manner analogous to that employed in the text in obtaining 
the corresponding expression for a capacitive reactance tube. 

^7^* essential circuit of a balanced reactance tube is given in the accom¬ 
panying figure (battery supplies have been omitted for convenience). Deduce 
an expression for the effective output impedance of this circuit. In this ealeu- 
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lation, choose Xi/R l = X 2 /R 2 = a, r p = co. Also, suppose that for a given 
audio signal the (g m ,e e ) relationship is the ideal curve shown on page 614. 




19-12. Calculate and plot the potential ratio for the preemphasis or accentuator 
circuit shown in the diagram as a function of frequency. Plot the curve on semi' 
logarithmic paper. 



. "I?’ 13 * CaIculate and P Iot the Potential ratio for the deemphasis circuit shown 
in the accompanying figure as a function of frequency. Plot the curve on semi- 
loganthmic paper. r 


fOOkn 



19-14. Determine the maximum frequency deviation possible with the Arm- 
S l r0 fe S v S qnV^t° f rn S ' 19 " 2 ? lf the distorti °n is to be less than 6 per cent. The 

19-15. What must be the ratio of sideband to carrier potentials in the Arm¬ 
strong system to produce a frequency deviation of +12.2 cps at the audio fre- 
quency of 400 cps? — ^ 


19-16. Show by an analysis similar to that which leads to Eq. (18-6) for the 
a-m case that the output of a frequency doubler to which an f-m signal is applied 
ls 1Q e m cen ^ ered about the second harmonic of the carrier. 

,77", An t_m wave of . the form given in Eq. (19-15) is combined with a large 
amp i u e sine wave E o sin o>o/. Show that if both waves are applied to a recti- 

out P^ 'viH contain the f-m wave shifted in the frequency scale. 
i_i n . incom ing f-m wave is deviated +75 kc at a 10-kc rate. The 
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through two stages of single tuned amplifiers. Discuss the effect of the tuned 
circuits on the important sidebands with respect to amplitude and phase. 

b. What bandwidth should the amplifier possess if all sidebands of amplitude 
greater than 0.01 per cent are to be passed, but with not more than a 30 per cent 
reduction in amplitude of any sideband being permitted? 

19-19. An antiresonant circuit consists of a capacitor of G5 /i/xf and an induc¬ 
tor of 0.4 mh and 16 ohms. It is to be used to receive a wave having a frequency 
modulation of 1.5 kc. What should be the value of the carrier frequency? Esti¬ 
mate the percentage modulation of the output. 

19-20. Suppose that a discriminator as shown in Fig. 19-30 comprises two cir¬ 
cuits which have bandwidths of 200 kc and are tuned approximately to 4.7 Me. 
Plot the resultant discriminator characteristic for the following separation of the 
resonant peaks: 150, 200, 250, 300 kc. 

19-21. a. Plot the discriminator curve specified by Eq. (19-70) for 

= kQ = 1 

Write 25 Q = x, and plot as a function of x. 

b. Repeat for Eq. (19-81). 

19-22. Use the curve of Prob. 19-215 to design a discriminator having a peak- 
peak bandwidth of 400 kc at 15 Me. 

19-23. Show that, other things being equal, the output of the ratio detector 
is down from that of the discriminator by a factor of 2. 

19-24. Would it be more difficult to design a broad-band ratio detector than a 
discriminator of the same bandwidth? Explain. 

19-25. A single-sideband suppressed carrier a-m signal is received on an f-m 
receiver. Discuss the character of the receiver output. 
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CHAPTER 20 


ELECTRONIC INSTRUMENTS 


A number of instruments have been developed which incorporate 

vacuum tubes as integral parts of these devices. These instruments 

possess certain advantages over the standard electromechanical varieties. 

In particular, most of the vacuum-tube types of instruments possess 

relatively high input impedance and also may be used over a very wide 

range of frequencies. These instruments are divided into the following 

general classes: voltmeters, ammeters, wattmeters, frequency meters, and 
phasemeters. 

Perhaps the most versatile of all electronic instruments is the cathode- 

ray oscilloscope, which may be used as a voltmeter, ammeter, frequency 

meter, and phasemeter, depending upon the manner of its connection in a 

test circuit. The applications to these various services will be discussed 
below in the appropriate section. 

20-1 Electronic Voltmeters. The Oscilloscope. The applicability of 
the oscilloscope as a voltmeter arises from the fact that the deflection 
sensitivity of the cathode-ray tube, for a given accelerating potential, is 
a constant and the deflection of the cathode-ray beam on the screen is 7 
directly proportional to the applied deflecting potential (see Sec. 1-39). 

us, y se mg e gain of the amplifiers associated with the oscilloscope 
a some convenient value, the peak of any applied potential may be com¬ 
pared with a calibrating potential. 


r ^ UC Qn u 6 '? 0 ? iuf re v. er y flexible but do have frequency limits, perhaps 

r °^ Ii . C ,° C ’ e P en ln g on the instrument, owing to the frequency 
distortion that occurs in the amplifiers at the higher frequencies. If con¬ 
nection is made directly to the plates of the tube, this frequency limitation 
is reduced and the tube may be used to the very high frequencies. How¬ 
ever as the deflection sensitivity is usually low, of the order of 40 volts/in, 
on a 5-in. tube with an applied accelerating potential of 2,000 volts, such 
a voltmeter would be limited to the higher potentials, in the range from 
to 50 volts. For higher potentials, a potential divider might be used, 
ower potentials cannot be measured, except with the aid of amplifiers, 
and with their consequent frequency limitations. 

CLCuum-tube Voltmeters. The vacuum-tube voltmeter provides a con- 

^aientmethod for th O QPnnrotn i _U 1 -— 
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sources of both d-c and also a-c potentials up to very high frequencies. 
The use of the conventional type of tube usually limits the operation to 
frequencies below about 1.5 Me. For frequencies higher than this, the 
grid-circuit loading, resulting from the input capacitances of the tube and 
the electron transit time, usually becomes sufficiently serious to influence 
the operation. Where the loading effects are permissible, the use of 
suitable standard receiving-type tubes is permissible to frequencies of 
approximately 20 Me without serious calibration errors. 

For the measurement of potentials having frequencies above 1.5 Me, 
to perhaps 30 Me, acorn-type tubes in a special probe construction may 
be used without introducing appreciable loading. With such a probe 
construction, the lead impedance is reduced to zero by allowing direct 



Fig. 20-1. The basic circuit of a vacuum-tube voltmeter. 


/ 


connection to be made from the potential source to the grid of the tube. 
Also, the shunting effect of the grid resistor is made negligible either by 
neglecting it entirely or by using resistors of low self-capacitance in series 
to provide from 5 to 10 megohms across the grid to cathode. 

A wider range of operation, perhaps to 100 Me or higher, is possible by 
the use of the acorn-type diode rectifier. Such a circuit provides a low 
input capacitance and low transit time. A high efficiency of rectification 
is possible, and a high average impedance may be obtained when the load 
is of the order of 50 megohms. If the tube diode is replaced by one of the 
present-day crystals, the range of a vacuum-tube voltmeter is extended 
somewhat, to perhaps as high as 500 Me. 

All a-c voltmeters are essentially rectifiers, employing diode, grid- 
circuit, or plate-circuit rectification. They may be grouped according 
to the value of the waveform of the applied potential to which their read¬ 
ings are proportional, as rms, average, peak, or logarithmic. A number 
of circuits that are currently in use will be discussed. J 

RAIS voltmeters . The response of this type of voltmeter is proportional 
to the rms value of the applied potential. To achieve such a response, 
the rectifier that is used must have a square-law relation between the 
applied input potential and the mean rectified current. Such voltmeters 
may therefore be used to measure the rms values of potentials, regardless 
of what the waveform may be. 

The basic circuit of such an instrument is given in Fig. 20-1, which is 

circuit, except that 
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^" C C * 1CU ^ * s a PPbed across the indicating milliammeter in 

tnhp a G C1 f CU u t in 0r ^ er to balance out the steady component of the 

, curr ^ n ^ lcn t e input potential is zero. In this way, the milliam- 

ei lea s le a\eiage rectified current that results when the a-c poten¬ 
tial is applied to the input terminals. 

is possible to arrange the circuit in such a way that the tube forms 
one arm of a balanced Wheatstone bridge. In this way, the static 
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Fig. 20-2. Vacuum-tube voltmeters with balanced output. 

operating current may be balanced out without the need for a separate 
-c souice. Two such circuits are illustrated in Fig. 20-2. In these 
circuits, to achieve good sensitivity, the resistor R 3 must be made large 
m comparison with the meter resistance. 

^° *. S c ^ ose ^ Sf l ua re law for a limited range of 

oht n d ' “ d hlSIS Usually lcss than about 1 volt peak, may be 

obtained by operating a tnode or a pentode on the curved portion of the 

i characteristic curve. To ensure 

]/ that the negative peak of the ap- 

/ __ plied potential will not approach 

A A _ r A too closely to the cutoff bias of the 

y|i \T -r~-- tobe, the static plate current must 

- p • ^- be slightly greater than twice the 

i f^j *■ increment of plate current required 

fdji to Produce full-scale deflection of 

T the indicating instrument. The 

Fig. 20-3. Illustrating the operating char- s ituation is best understood by re- 

acteristics of an mis voltmeter. ferring to Fig. 20-3, which illustrates 

v Q i, lnc . r i . A . , , the operation of the above circuits, 

wi^l r PPh l POtentlal highGr than 1 volt peak may be measured 

no entt, ! i ng Square v Property of the voltmeter by using a 
potential divider across the source of i , , • i 

«?mnii . . UU1 ce °t potential and applying a known 

done hn • 1 n °iU *a ° a P ote ntial to the input terminals. When this is 

In geno^T fu ^ P ro P ert y °f very high input impedance is lost. 

unon th + G Callbrat ! on tois type of instrument is dependent 

freouenf 6 ri G mainta hhng its square-law characteristic. As a result, 
jjequent ealihrof^ n 


_ L 


Fig. 20-3. Illustrating the operating char¬ 
acteristics of an rms voltmeter. 


Film 
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Use has also been made of materials other than tubes which possess a 
square-law characteristic, as the rectifying elements of a mean-square 
type vacuum-tube voltmeter. One such type 1 incorporates thyrite in a 
rectifier bridge circuit for squaring the input potential. Such a unit has 
been found to possess a square-law characteristic within ±2.5 per cent 
for a current range of 50:1. 

Average-reading voltmeters. The response of an average-reading volt¬ 
meter is proportional to the average value of the input potential. To 
achieve such a response, there must be a linear relation between the 
applied input potential and the mean rectified current of the rectifier that 
is used. But as the mean rectified current is proportional to the mean 
of the positive excursions of the applied potential, the instrument is 
dependent on the waveform of the input potential. 



Fig. 20-4. The circuits of several average-reading vacuum-tube voltmeters. 


The rectifier that is employed may be a simple diode rectifier without 
a shunt capacitor, a diode bridge circuit, or a biased triode or pentode 
that is operated from approximately cutoff over the linear portion of the 
dynamic curve. Owing to the fact that the dynamic curve is nonlinear 
at low potential levels, a substantially linear response is obtained only 
for relatively large values of applied potential. The linearity may be 
considerably improved by using a large load resistance in the diode circuit 
or by the use of a high plate resistance and negative feedback in the case 
of triodes or pentodes. Several circuits of such average-reading volt¬ 
meters are given in Fig. 20-4. 

Since the reading of these voltmeters is dependent upon the waveform 
of the input potential wave, then, when the applied potential is not a sine 
wave or other symmetrical waveform, a reversal of the polarity of the 
input wave will, except for the bridge circuit, change the reading of the 
instrument. This effect is known as turnover. 

Peakw&di]^ The response of a peak-reading voltmeter is 

proportional to the peak value of the applied potential and is, therefore, 
independent of the waveform when it is calibrated in peak volt/. Peak¬ 
reading voltmeters may be calibrated to read rms values for/sinusoidal 
voltages, which then correspond to 0.707 of the peak value. JL number of 
of peak-reading voltmeters are possible. They include diode, grid-leak, 
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acIraterrttCf "T*** Pr ° VideS ° ne ° f the most convenient and most 
quencies ft S ° f m ® asurm 8 peak potentials, especially at radio fre- 

caDacitor inn fin' S S °^nu conventiona l diode rectifier provided with a 
is so rhos tv! +i, er • capacitance that shunts the load resistance 
he neHoH f r? C ° nStarlt ° f the circuR ^ large compared with 

ootentM t I aPP potentiaL A nonlinearity exists for low input 
P °™ W t C T S6S an error ’ but the Indication is linear for potentials 

Fig 20 5 10 V ° tS ' The ClrCuits of two such voltmeters are shown in 
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(a) 

Positive peak 
Fig. 20-5. 



Cb) 

Negative peak 

Peak-reading voltmeters. 


-rH 




(cl) 

Difference amplifier r 'fi .. ^ 

on n- j , General Radio Co. 

g. 20-6. Diode peak voltmeters with d-c amplifier. 

the ?rductTnTno g t 0f the f Se J oItmet ^ is that the input impedance during 
onduclv Ztfon fl the Cyde is dlffe rent from that during the non- 
h i rr 6 Cyde ' This difference arises from the fact that 
Tl ff t , PO I er durin g the conducting portion of the cycle. 

receiver The effective • 1 “ h lsts ln the detector stage of a radio 

wher! - e .f ‘y e , *«put resistance of the diode is R, = R/2n, 

where tj is the so*co<llecl dpfpptmn -n? • , 

nf in r(r p lnoH „ • 4 . ctlon efficiency. Lnder the usual conditions 

ot large load resistance R, the innnt * • . . 

Pnno 0 n„onti„ a + a.• e in P ut resistance is approximately R 2. 

Consequently, fluctuations that mio-K* _ r , . . , , 

• nQ j OTlrt , , j. mi &bt result from such a changing load 

impedance would ordinarily be tolerable. 

^ j rec ^ e( ^ curr ent through the load resistance is too small to 
, easure ^ on ^emently by a d-c microammeter, the potential devel- 

amn1fi CrOS V he ° ad resistance ma y be applied to the input of a d-c 
a difT» TW ° S , U f h clrcujts are illustrated in Fig. 20-6. In circuit a, 

circuit y enCe . a ™ p 1 er "i’-b e 2 = 0 is used as the d-e amplifier. In 
^mt 6, a single-tube balanced amphfier is used. 
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The grid-leak peak voltmeter consists of a grid-circuit rectifier employing 
either a triode or a pentode. Rectification occurs in the grid-cathode 
circuit in the same manner as in a diode, and grid current flows over the 
positive half cycle of the applied potential. The input impedance is 
substantially the same as that of the diode peak-reading voltmeter. 

A negative-feedback peak voltmeter consists essentially of a self-biased 
tube which operates from* approximately cutoff over the linear portion of 

+r* 

e 

i 


Fio. 20-7. A negative-feedback peak voltmeter. 

the dynamic curve. To maintain the tube almost at cutoff for all except 
the peak portions of the cycle, the bias resistor must be shunted by a 
capacitor which is adequate for essentially class B operation. As a 
result, the plate current flows only at the positive peaks of the applied 
potential. The indications of this type of voltmeter are dependent on 
the waveform. Since the grid is not driven positive over any portion 
of the cycle of the applied potential, the input impedance of the voltmeter 
is high. 

The circuit connections of such a volt¬ 
meter for use with either a 6J7 or a 954 
acorn tube, depending upon^the frequency 
range required, are shown in Fig. 20-7. 

The 6J7 is satisfactory for use to several 
megacycles per second, but where the volt¬ 
meter is intended for use across high- 
impedance tuned circuits at frequencies as 

high as 10 Me and where the input capaci- on t , , , 

x n nd Fig. 20-8. A slide-back peak volt- 

tance must be kept small, the 954 acorn me ter. 

tube is used. Note that the tube is con¬ 
nected as a triode, with the suppressor connected to the cathode. This 
instrument may be used to measure d-c potentials by omitting the block¬ 
ing capacitor in the input, although a separate calibration must be used. 

The slide-back voltmeter consists essentially of a threshold indicator, this 
threshold being indicated by a d-c voltmeter when the d-c potential is 
made equal to the peak value of the applied potential. The circuit of the 
instrument is illustrated in Fig. 20-8. The triode or pentode is operated 
at a very low value of plate current, and the bias is read on the d-c volt- 
■JnalEL_The potential to be measured is then applied to the input 
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terminals, and the grid bias is increased until the plate current is reduced 
to its initial value. The peak of the applied potential is then equal to 
the increase of grid bias, as obtained from the d-c readings. 

This type of voltmeter is true peak-reading, and owing to the method 
of operation it is self-calibrating. It is completely independent of varia¬ 
tions in operating potentials and tube characteristics. Moreover, it has a 
\ cry high input impedance and operates over a very wide range of poten¬ 
tials simply by changing the slide-back potential. Because of the method 
of opeiation, such voltmeters are restricted to steady sources of potential. 

Logarithmic voltmeter. A voltmeter with a logarithmic scale is possible 
b} using a variable-mu tube in which the amplification factor is an 
exponential function of the grid potential. Thus for such a tube circuit 


62 i r 

= Ae aEc 

e 


( 20 - 1 ) 


where a and A are constants and E c is the d-c bias on the tube. 

In this voltmeter, the output is maintained constant by rectifying and 
filtering the output and using the resulting d-c potential to bias the 



Fig. 20-9. Block diagram of a logarithmic voltmeter. 

amplifier tube, as illustrated in block-diagram form in Fig. 20-9. That 
is, with e 2 constant, 


But since 


E - = K-\ log. 


db - 20 log 10 e -j = ft' _ 8 G9 loge e 

db = K’ - 8.69 a(K - E e ) 


then 


or 


( 20 - 2 ) 


db = k -f mE c 

where K, K\ k, and m are constants. 

A logarithmic-reading voltmeter has been marketed which is essentially 
an average-reading instrument, except that the pole pieces of the indi¬ 
cating instrument have been so shaped that the scale indication is 
logarithmic. 

In another type of instrument, illustrated in Fig. 20-10, use is made 

of the fact that the average diode current varies logarithmically with the 

input potential to the variable-mu pentode, over a large range of input 
potential. 
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The desirable feature of logarithmic-reading voltmeters is that the scale 
may be given as decibels, which is very convenient in some applications 
where the results are desired on the decibel scale. 

D-c voltmeters. Most of the circuits considered as a-c voltmeters will 
operate to give a meter deflection foo* an input d-c potential applied 
directly to the grid of the tube. However, since rectification is not 
required for such an instrument, the tubes might be used for amplifica¬ 
tion and also to provide a very high input impedance. 



Fig. 20-10. A logarithmic voltmeter. 




Fig. 20-11. A high-impedance d-c volt- Fig. 20-12. A d-c voltmeter employing 
meter. triodes. 


The circuit of Fig. 20-11 is one which possesses a very high input 
impedance. The indicating instrument is a low-resistance milliammeter, 
having a resistance R m . An analysis of the equivalent circuit shows 
that the meter current is 


fiRE 

= [R + r p + (m + l)Rk]{2R + R m ) - 2 R 


(20-3) 


where E is the d-c potential being measured. However, for a pentode 


r p » /?»/?„ n » 1 R k » — 

Qm 

and the current through the milliammeter is given by 



E 

2 R k 


(20-4) 


This shows that a linear relation exists between the applied potential and 
the reading of the indicating instrument. 

A voltmeter employing triodes, which utilizes a high-resistance volt- 
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an instrument is given 

in Fig. 20-12. As shewn in Sec. 8-1, the potential difference across the 

high-resistance indicating instrument connected between the two plates 
is given by [see Eq. (8-10)] 



/jlR 

^~+~R e 


( 20 - 5 ) 


20-2. Electronic Ammeters. The oscilloscope may be used to measure 
currents, although an indirect method must be adopted. In this meas¬ 
urement, the current to be measured is passed through a calibrated 
resistor, the resulting potential across the resistor being measured with 
the aid of the oscilloscope. The current may then be calculated from the 
known potential and resistance. However, owing to the fact that the 



-- Ull X X KJi IUMV/. 

input impedance of the oscilloscope is only moderately high, the oscillo¬ 
scope is limited to the measurement of relatively high currents, of the 
order of that possible with good-quality d-c instruments, say 0.1 ^. 

ec rometer u es. The amplification properties of a vacuum tube 
may be used to amplify extremely small currents, which are then indicated 
on a sensitive galvanometer. In order to measure these small currents, 
A is essential that the grid current of the tube be very small compared 
with the currents to be measured. Normal tubes, if selected for quality, 
and if operated at reduced electrode potentials, are satisfactory over 
rather wide limits Special tubes with unusually small values of grid 
current are available. These include, among others, 

General Electric Co. FP-54; / 

Victoreen Inst. Co. VX-41: / 

Raytheon Mfg. Co. CX-570A: I 0 

A circuit utilizing a General Electric FP-54 electrometer tube and 

operating from a 12-volt storage battery is given in Fig. 20-13. Even 

oug t e FP-54 tube is a low-grid-current type, great care must be 

Q ^ rC , 1Se . m keeping leakage and surface currents to a minimum if high 
sensitivity a nr? r\ Ononrln kl i • i • t 0-wm+ • • <• • 1 


10~ 15 amp 
10 -16 amp 
10~ 14 amp 
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accomplished by incorporating the entire circuit in a suitable probe type 
of construction, which is shielded electrostatically and which is kept 
dry by the use of a drying agent. Also, the grid current is kept small by 
driving the circuit at low potential from batteries, the circuit being kept 
in continuous operation for long periods of time in order to reduce tube 
drift. With the simple circuit shown, the indicating instrument being a 
sensitive wall galvanometer, currents of the order of 10~ 14 amp may be 
reliably measured. 

A number of other balanced electrometer circuits have been used. 
The DuBridge and Brown 2 circuit is illustrated in Fig. 20-14. 



Fig. 20-14. An electrometer circuit using an FP-54 tube. 


20-3. Phasemeters. Lissajous Patterns. A Lissajous pattern is the 
figure created on an oscilloscope screen when sine-wave potentials are 
applied to both the horizontal and vertical deflecting plates. If the 
frequencies of these two component potentials are the same but they 
differ in phase, the resulting pattern is a measure of the phase difference 
between the two waves. 

To see that this is so, suppose that the potential across the horizontal 
deflecting plates of the oscilloscope is denoted as 

e z = Ei sin (cot + 0 X ) 


and that across the vertical deflecting plates is given by 


Then 


e v — Ei sin (cot 0 2 ) 


yf = sin c ot cos 0 1 + cos cot sin Oi 

Li 


( 20 - 6 ) 


and 


yr = sin c ot cos 0 2 + cos cot sin 0 2 

fcj 2 


(20-7) 


Now eliminate the time factor cot. To do this, multiply the first equation 

bv cos 0i. Subtract the two 
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results to obtain 


e x 

Y x cos ° 2 


e y 

gr cos 6 1 = cos o)/(sin d\ cos 62 — cos 9 \ sin 62 ) 


Similarly, multiplying the first by sin 6 2 and the second by sin di, and 
subtracting, there results 


6 X . C 

W, Sln 02 ~ El sin 01 = sin "'(cos 6, sin 6 , - sin e, 


cos 0 2 ) 


Squaring and adding these equations gives 


i* . 2c z e y . 

E 2 + El E,E, cos ( ~ dl ~ = sm * ( 0 i ~ 


( 20 - 8 ) 


his is the equation of an ellipse whose principal axes coincide with the 
coordinate axes when 6 ,- 6 ,= tt/ 2. Hence, in most cases the result is 




40=0 


O<40<f 







n 


40 = tt 


-^33 k; 

rr< Af) * _ 

< >tr 

n _ 


f<40<2r 

fig. 20-15. Lissajous patterns showing the effect of the phase difference of two sources. 

“2?^ ° rientatlon of which depends upon the phase difference 
20-15 ^ WaVeS ' The results have the form illustrated in Fig. 

If the amplitudes of the potential applied to the vertical and horizontal 

1 “ deflecting plates are equal, then the 

pattern at the phases A 6 = 7t/2 and 
Stt/2 will be circular. For the meas¬ 
urement of phase, it is customary to 
set the two amplitudes equal to each 
other, although this is not necessary. 

The experimental procedure neces¬ 
sary for measuring the phase differ¬ 
ence between the two potentials is 
quite direct and consists in measuring 
+ T7.~ on ic The distance Eo 


j 



Fig. 20-16. The phase difference 
between two potentials measured by 
means of the Lissajous pattern. 

, j. quite direct and co 

• "'° ^stances E 0 and E m illustrated in Fig. 20-16. The di 

i ently the value of e y when e z is zero. This requires that 

n 
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Likewise, the value of E m is the maximum value of e v and from Eq. (20-7) 
is given by 

E m = E 2 

Solving these expressions simultaneously yields 

sin (0, -*,)=§!• (20-9) 


Electronic Phasemeter. The elements of a simple electronic phase¬ 
meter are illustrated in Fig. 20-17. It will be observed that the circuit 
comprises in essence two diode peak-reading voltmeters which have been 
differentially connected. With no input signal, the potentials appear¬ 
ing across the input of each diode-voltmeter circuit arise only from the 



impressed reference potential. When the circuit is balanced, a zero read¬ 
ing appears on the zero-center high-resistance voltmeter. This high- 
resistance voltmeter might be a d-c vacuum-tube voltmeter with a 
zero-center indicating instrument. 

If now a potential of preset amplitude is impressed across the input, the 
potential at one anode decreases and becomes, say, — e 2l while the 
potential at the other anode increases and becomes e L + e 2 . As a result, 
the output potentials will no longer be the same, and a reading will appear 
on the output voltmeter. The extent of the change will depend directly 
upon the phase of the input potential with respect to that of the reference 
potential, being a maximum in one direction for zero phase difference, and 
being a maximum in the other direction for 180 deg phase difference, there 
being a calculable phase difference for every intermediate reading. The 
mathematical analysis parallels that of the f-m discriminator and follows 
below. 

Suppose that the potentials e\ and e 2 are 


ei = E, sin w t 


( 20 - 10 ) 


and 



( 20 - 11 ) 
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The a-c potential that appears in the circuit of diode T1 is e„ and is 


€<J — e 1 + ^2 

and that in the circuit of T2 is e b and is 

e b = e l — e 2 

But e a may be written explicitly as 


which reduces to 


e a = E, sin cot + E a cos (cot + <p) 


6 a — 2 E a cos <p —j— 


Similarly 




cot -j- 



+ 



e b = —2 Eg sin 


in K* 


+~ 

2 


COS cot + 



The corresponding d-c output potentials are then given by 


E a = 2rjE, cos 


^6 = 2rjE 


where rj is the detector efficiency 
meter reading is then 



( 20 - 12 ) 


5 (* + ?) 

. . 1 / 

• sin g ( *> + 

The corresponding indicating volt- 


E — E a E b — 2rjE, 


cos 




sin 



+ 



(20-13) 


The result has the form illustrated in Fig. 20-18. 

f E /2 E ^ somewhat similar type of phase- 

^ s meter is possible using triodes. 1 A 

circuit is shown in Fig. 20-19. It is 
supposed that the two potentials e\ 
and e 2 are of equal frequency and 
of constant amplitude. The equal 
potentials appearing across the sec¬ 
ondaries of the input transformers are 
connected in series opposition so that, 
when the input potentials are in 
phase, the potential across ab is 
zero. When the input potentials are 
slightly out of phase, a small potential appears across ab the magnitude 
of which is proportional to the phase angle. For small angles this poten¬ 
tial may be considered to be 90 deg out of phase with either input. 

input e to the phase-shifting network is across terminals ab, and 
e ou fP u t potential e' which appears across cd is 90 deg out of phase with 



Fig. 20-18. The output of the phase¬ 
meter of Fig. 20-17. 
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e. The potential e' is applied across the grid resistor R and excites the 
grids of tubes T 1 and T2, which are connected in push-pull. Owing to the 
initial 90-deg phase shift and the added 90-deg shift, then for an a-c 
potential applied to the plates the grid potential of one tube is in phase 
with its plate potential, whereas the grid potential of the other is in phase 
opposition with the plate. As a result, one tube conducts, while the other 
is cut off, either because of a highly negative grid potential or because 
of a negative plate potential. The conduction causes the zero-center 
instrument to deflect according to which tube conducts. 




Fig. 20-20. An electronic wattmeter. 

The instrument must be zero-set initially with no signal on the grids, 
whence the unidirectional pulses of plate current through the tubes 
divide equally through the plate resistor, so that zero resultant potential 
appears across the d-c instrument. In this instrument, since e' is pro¬ 
portional to 0 for small angles, the magnitude of the potential across the 
d-c instrument is proportional to 0. 

Should either e\ or e 2 drop below or exceed normal rated potential, the 
difference potential ab increases in length and rotates. This sinor may 
be resolved into two components, one of which is in phase with c, and 
will be effective in producing the potential across the indicating instru¬ 
ment. The other component, which is 90 deg out of phase with e, will 
not appreciably affect the accuracy of the instrument. 

20-4. Wattmeters. The circuit of an electronic wattmeter is given in 
Fig. 20-20. In this circuit, the resistances R 2 are equal and sufficiently 
small so that the potential drop across them does not appreciably reduce 
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the load potential. The resistance R\ is high in order to prevent appre¬ 
ciable power loss. 

To examine the operation, it is supposed that the first two terms of the 
series expansion adequately represent the dynamic characteristics of the 
tubes. Thus 

ipi = Ui(ci + C 2 ) + a2(ci -f- C 2) 2 (20-14) 

and 

U >2 = Ui(ci — e 2 ) + a 2 (ei — c 2 ) 2 (20-15) 

The output meter reads the difference between i pl and i p2 . Hence 


Zo ipi i p 2 — < 2o.ic 2 T* 4(22^1^2 (20-16) 

But with 

he 1 = kEm cos cot 

an( ^ c 2 = R 2 I = R 2 Im cos (cot -f d) (20-17) 

and since the indicating instrument reads the average, then 


1 0 rji J 10 dt 

rr 


T Jo C0S ^ + 6) dt -f- —-— J cos cot cos (cot T &) dt 


so that finally 


/o — 2 /cqo R 2 Emlm cos 6 


(20-18) 


If the load contains harmonics, it can be shown that the reading of the 
d-c meter is proportional to the total load. 


The foregoing wattmeter seeks to effect directly the product of the 
instantaneous potential across the load and the current through the load, 
the resultant product being averaged in time in order to achieve the 
average power absorbed by the load. Most techniques which provide the 
multiplication of two potentials could probably be adapted to this appli¬ 
cation (see Chap. 8 for a discussion of multipliers). A general-purpose 
electronic wattmeter has been developed 4 which modulates a carrier first 
with the current waveform and then with the potential waveform. The 
resultant modulated carrier is demodulated to yield the instantaneous 
product of e and i. The average value of the power is obtained by passing 
the instantaneous product p through a low-pass filter, to remove the ^ 
carrier component. The peak power is also possible with this device, 
merely by passing p through a peak detector. 

20-6. Frequency Meters. Lissajous Patterns. If the component 
potentials that are applied to the horizontal and vertical deflecting 
plates of an oscilloscope differ in frequency as well as in phase, the pat¬ 
tern that results is far more complicated than the simple ellipse that 
has already been considered. If the frequencies are in a constant ratio 
w ith each other, the resulting patterns permit a comparison of the ratio 
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of these frequencies. If one of these frequencies is known, the method 
permits a comparison of the unknown frequency with the given standard. 

Suppose that a potential e z = E sin uit is applied to the horizontal 
plates and a potential c u = E sin (W -f 0 ) is applied to the vertical 
plates. If the frequencies are in the ratio w 2 /wi = 2, the form of the 
resulting patterns is readily calculated. The construction is illustrated 


B 



B 



Fig. 20-22. Lissajous pattern for 2:3 fre¬ 
quency ratio. 



Fig. 20-23. A number of Lissajous patterns. 


in Fig. 20-21. In a similar way, if the frequencies are in the ratio 2:3, 
the Lissajous pattern assumes the form shown in Fig. 20-22. 

A feature that is common to all Lissajous figures is that the horizontal 
line A A and the vertical line BB are tangent to the pattern at a number 
of points, the number depending, respectively, on the frequency applied 
to the vertical and to the horizontal deflecting plates. Thus the fre¬ 
quency ratio 


c cu _ no. of points at which figure is tangent to the vertical line 
co v no. of points at which figure is tangent to a horizontal line 


A number of Lissajous patterns are contained in Fig. 20-23. 

Electronic Frequency Meters. The circuit of an electronic device is 
given in Fig. 20-24. The input causes periodic switching from 7T to T2. 
When the current begins to flow in 7T, the potential across R ki causes Ci 
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to charge through the parallel paths Ri and one plate of the rectifier TS. 
The average diode current is indicated by the instrument in series 
with the diode cathode. The diode current is proportional to the fre¬ 
quency, over the range for which C\ and C 2 charge “fully” in less than the 
time of one half cycle of the impressed potential. For the circuit shown, 
the calibration of the instrument is linear to approximately 7,000 cps. 



Fig. 20-25. The elements of a rate meter. 


A rate meter 6 has been developed which is not limited to the measure¬ 
ment of periodically recurrent waveforms but may also be used to count 
random pulses such as those which occur in nucleonic processes. In this 
device the input signals are converted to pulses of the same amplitude and 
time duration. These pulses are applied to an integrating circuit, the 
potential across the output of which is a measure of the average number 
of pulses per unit time. This potential is indicated on a vacuum-tube 
voltmeter. The elements of the circuit £re illustrated in Fig. 20-25. 
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PROBLEMS 

20-1. The plate current in a 6SK7 tube for E cci = 100 volts, Eu = 250 volts 
is approximately expressed by the relation 

I b = 18e° • 20 E * ma 

This tube is used in the logarithmic voltmeter circuit of Fig. 20-9. An a-c poten¬ 
tial of 18 volts peak is applied. What must be the shift in bias potential if the 
voltmeter is to read correctly? 

20-2. The potential applied to the input of an average-reading vacuum-tube 
voltmeter has the form shown in the figure. 



а. What is the zero-input reading of the d-c milliammeter? 

б . Calculate the reading when the signal is applied. 

c. If the input potential were sinusoidal with the same peak amplitude, what 
would be the corresponding reading? 

20-3. A recurring potential having the waveform shown is applied to the 
input of a number of vacuum-tube voltmeters of different type, each of which 



has been calibrated by means of a sinusoidal input waveform. Calculate the 
reading on the following instruments, for both directions of applied input: 

a. Single-diode average-reading instrument of Fig. 20-4. 

b. Bridge-diode average-reading instrument of Fig. 20-4. 

c. Peak-reading diode of Fig. 20-5. 

d. Rms-type voltmeter. 

20-4. Show the connections for employing the multiplying circuit of Fig. 8-31 
as an electronic wattmeter. 



APPENDIX A 


NETWORK THEOREMS 


A background in network analysis has been assumed in the develop¬ 
ment of the material in this textbook. Because of their extensive use, 
a number of the more important network theorems are listed below for 
reference. 

A-l. Helmholtz Equivalent-source Theorems. Let the rectangle of 
Fig. A-l represent a general network with N independent loops, M + 1 


N loop potential 
sources 

M Junction current 
sources 



Fig. A-l. Circuit for illustrating the Helmholtz equivalent-source theorems (Thdvenin 
and Norton networks). 



a 

+ 

>E 

a 

( 6 ) 

Fig. A-2. The Helmholtz equivalent-source representations, (a) Th6venin circuit; 
(6) Norton circuit. 

junctions, N loop potential sources, and M junction current sources, all 
of the same frequency. One branch of this general network is shown 
isolated. Let the outside terminals be closed by a fictitious potential 
source E , which may be the potential drop across a passive element 
between these two points. A general analysis of such an active network 
leads to the conclusion that any two-terminal linear network with any 
number of current and potential sources of the same frequency can be 
viewed as a source. This source can, in turn, be represented by either 
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of the simple circuits of Fig. A-2. When the potential-source form is 
used, the network is said to be represented by a Helmholtz-Th6venin 
potential-source equivalent. The current-source form is called the 
Helmholtz-Norton current-source equivalent. 

The series impedance Z, and the shunt admittance Y n appearing in 

. f. A " 2 a ^ e the inv erse of each other, that is, Z« = 1/F„. Also Z, 
is the impedance of the network as measured at the terminals aa when all 
internal potential and current sources are reduced to zero 

The potential source E, is the potential E which appears across the 

terminals aa when these terminals are an open circuit. Similarly, the 

current source /„ is the current in the short circuit which is placed across 
the terminals aa. 

A 2. Millman Theorem. This theorem permits writing the node-pair 
potential for the class of networks illustrated in Fig. A-3. In this figure, 



Fio. A-3. Combination of potential sources. 

the potential sources shown as E\, E 2 , E 3 may denote real sources, or they 
may denote fictitious sources representing two-terminal devices across 
the appropriate points (see the equivalent source E in Fig. A-l). The 
solution of this circuit for E is given by the relation 


F = ElY 1 + + E*Y 

*T+7rrFr~~ 


(A-l) 


where each Y. is the inverse of the corresponding Z.. 
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PLATE VOLTAGE IN VOLTS 

Fia. B-ll. GSF5 triode. Class A amplifier: E,. = 250 volts, E e = —2 volts, /», = 0.9 ma, \x = 100, r p = 
00,000 ohms, g m = 1,500 jxmhos. Intorolcrtrode capacitances: C\ — 4.0 C 2 — 3.0 /i/if, C 3 = 2.4 /i/if. 
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APPENDIX C 



PLATE VOLTAGE IN VOLTS 
Fig. C-l. 800 triode. 
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APPENDIX D 

TABLE OF BESSEL FUNCTIONS OF THE FIRST KIND 
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A supply, 104 

Abnormal glow discharge, 40 
Ammeters, electrometer tubes, 648 
electronic, 648 

Amplification, voltage ( see Amplifiers, 
potential gain) 

Amplification factor, measurement, 71 
numerical values for several tubes, 

661 ff. 
tetrode, 24 
triode, 19 

Amplifiers, anode follower, 176 

comparison with cathode follower, 

179 

gain, 177 

input admittance, 178 
output impedance, 178 
broad-band, anode follower ( see 
anode follower, above) 
cathode follower ( see cathode 
follower, below) 

compensated, high-frequency, 132 
transient response, 139 
low-frequency, 142 
direct-coupled ( see direct-coupled, 
below) 

cascode, 243, 250 
cathode-coupled, 130 
cathode follower, {71 ff. v 
amplifier, 181 

comparison with anode follower, 179 
double, 154 
gain, 172 

graphical analysis, 174 
input admittance, 173 
output impedance, 173 
^lass A, beam power tubes, 322 

cascade, 113 

potential gain, 114 
definition, 90 

degenerative ( see Feedback) 

distortion, 315 
dynamic characteristic, 65 
equivalent circuit for, 65 

(See also Equivalent circuit) 
grid-bias potential in, 61 

inplifiers) 




Amplifiers, class A, grid-signal potential 
in, 61 

input admittance, 97 
inverse feedback ( see Feedback) 
load line, 63 

load resistance for maximum power 
output, 34 

maximum power output, 314, 317 
output transformer, 316 
pentode, 322 
phase relations, 64 
plate dissipation, 319 
plate efficiency, 319 
potential gain ( see potential gain, 

below) 

power output, 314 
push-pull ( see Push-pull amplifier) 
quiescent operating point, 6.1 
radio frequency (sec Tuned ampli¬ 
fiers) 

resistance-capacitance-coupled ( see 
Rcsistancc-capacitance-coupled 
amplifier) 
self-bias, 104, 325 

single-stage, 61 ff. 

tetrode, 19 

transformer-coupled ( see Trans¬ 
former-coupled amplifiers) 
tuned (see Tuned amplifiers) 
voltage gain (see potential gain, 
bcloiv) 

class AB, definition, 90 ^ - 

push-pull (see Push-pull amplifier) 
class B, definition, 90 

push-pull (see Push-pull amplifier) 
tuned (see Tuned amplifiers, class B 
power) 

class C, definition, 90 , 

tuned (see Tuned amplifiers, class C 

power) 

degeneration (see Feedback) 
difference, 246 
direct-coupled, 128 ff. 
battery-coupled, 128 
cathode-coupled, 130 
resistance-coupled, 129 
series-balanced, 146 
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electron-tube circuits 


Amplifiers, double-tuned {see Tuned 
amplifiers) 
driver stage, 331 

dynamic characteristic, construction 
from static, G4 
equations, 73 
push-pull, 329 
feedback (see Feedback) 
frequency characteristic, 120 
frequency classification, 91 
frequency distortion (see Frequency 
distortion) 

frequency response (see L requency 
distortion) 

gain (see potential gain, bclov:) 
graphical analysis of output, G3 
grid-bias potential, G2 

(See also Self-bias in amplifiers) 
grid-signal voltage, 62 
grounded grid, 93 

harmonic distortion (see Nonlinear 
distortion) 

interelectrode capacitances, 9G 
intermediate frequency (sec Tuned 
amplifiers, class A) 

internal impedance, effect of feedback 
on, 157 IT. 

inverse feedback (see Feedback) 
inverted, 146 
limiters, 624 

linear, class B (see Tuned amplifiers, 
class B power) 
conditions for, 90^372 
load line, 63 
maximal flatness, 347 
modulated, 562 

for modulated wave (see Tuned 
amplifiers, class B power) 
narrow-band (see Tuned amplifiers) 
noise (see Noise) 
oscillations, 167 

output impedance, effect of feedback 
on, 164 

output transformer. 315 
output waveform, 64 
parallel or shunt feed, 314 
paraphase (see Push-pull amplifier) 

path of operation, 63, 374, 380, 381 
phase characteristic, 120 
phase inverter, 331 ff. 
phase relations, 64 

plate-circuit efficiency (see Plate- 
circuit efficiency) 
plate-current components, 64 
plate dissipation (see Plate dissipation) 
plate-moduEted, 557, 562 


Amplifiers, potential gain, db gain, 93 
effect of feedback on, 147 
effect of interelectrode capacitances, 
97 

multistage amplifier, 114 
resistance-capacitance coupling, 

115 ff. 

resistance coupling, 128 
resistance load, 69 
tuned, double-tuned, 346 
single-tuned, direct coupling, 341 
transformer coupling, 343 
power, 313 ff. 

power supply, common, 103 
push-pull (see Push-pull amplifier) 
quiescent operating point, 63 
radio frequency (see Tuned amplifiers) 
regenerative (see Feedback) 
resistance-capacitance coupled (see 
Resistance-capacitance coupled 

amplifier) 

resistance coupled (see direct-coupled, 
above ) 

see-saw (sec anode follower, above) 
shunt feed, 315, 321 
stagger-tuned, 354 
summing (see Electronic computing 
circuits) * 

transformer-coupled | (see Transformer- 
coupled amplifiers) 
transistor, 106 
tuned (see Tuned amplifiers) 
videp (see broad-band, above) 

Amplitude distortion (sec Nonlinear 
distortion) 

Amplitude modulation (see Modulation) 

Angstrom unit, 7 
Anode fall, 40 
Are, anode fall, 40 
cathode fall, 39 
externally heated, 42 
high-pressure, 43 
initiation, grid control, 41 
ignitor rod, 46 

mercury pool (see Mercury-arc 
rectifier) 

Arc back in mercury rectifiers, 47 
Argon, in high-pressure diodes, 43 
in phototubes, 7 
in thyratrons, 45 
Automatic gain control, 588 
delayed, 589 



B supply, 81 
Backfire, 47 

Balanced modulator, 553 



INDEX 
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Bandwidth, effect of feedback on, 148 
tuned amplifiers, 342, 344, 351 
reduction in cascaded stages, 351 
untuned amplifiers, 125 

reduction in cascaded stages, 127 
Barkhausen criterion for oscillators, 402 
Beam power tubes, 20 
Beam resistance of tube, 232, 202 
Beat-frequency oscillator, 592 
Bel, 92 

Bessel functions, 003, 080 
Bias, grid, 90 

impedance, effect in amplifiers, 153 
Bias control of thyratrons, 210 
Bistable relaxation circuit (see Trigger 
circuits) 

Bleeder resistance, 220 
Blocking, oscillator, 181, 443 
Blocking capacitor, 114 
Bombardment by positive ions, 10, 40 
Breakdown, gas tubes, 39 
mercury-arc tubes, 40 
Breakdown potential, 39 
Bridge measurements of triode 
coefficients, 71 
Bridge rectifier, 202 
Bypass capacitor, 104 


C supply, 81 

Capacitance, interelectrode, high- 
frequency effects, 101 
numerical values for several tubes, 

001 ff. 


pentodes, 100 
tetrodes, 100 
triodes, 98 


Capacitor filters (see Filter) 

Carrier suppression, 504 
Carrier wave, disappearance in frequency 
modulation, 000 
suppression, 504 
Cathode, directly heated, 5 
indirectly heated, 5 
inward-radiating, 0 
mercury as, 40 

oxide-coated, disintegration, 43 
emission, 3 
work function, 4 
photoelectric, 7 
power for heating, 103 
thermionic (see Thermionic cathodes; 

Thermionic emission) 
thoriated tungsten, 3 
tungsten, 3 
Cathode efficiency, 4 



Cathode fall, arc, 40 
glow discharge, 39 
Cathode modulation, 507 
Cathode-ray tubes, 48 ff. 

electrostatic deflection in, 49 
intensifier in, 52 
magnetic deflection in, 54, 527 
sweep circuits ( see Sweep generators) 
tracing speed of beam in, 505 
trapezium distortion in, 510 
Characteristic tube curves, FG-27 
(thyratron), 44 
FG-33 (thyratron), 44 
FG-98 (thyratron), 45 
OA4G (cold-cathode triode), 41 
PJ 22 (vacuum photocell), 8 
PJ 23 (gas photocell), 8 
2A3 (power triode), 002 
2X04 (transistor), 78 
5U4 (double diode), 001 
GAC7 (television pentode), 003 
GAG7 (power pentode), 004 
6AL5 (diode), 299 
GC5 (potential triode), 005 
6CBG (pentode), 280 
GF0 (pentode), 007 
(triode), 000 
0110 (duo diode), 008 
GJ5 (potential triode), 009 
GLG (beam power tetrode), 070 
GSF5 (potential triode), 071 
GS.J7 (potential pentode), 072 
6SK7 (variable-mu pentode), 073 
GSL7 (potential duo triode), 074 
6SN7 (potential duo triode), 075 
GVG (beam power tetrode), 070 
0X5 (duo diode), 077 
851 (transmitting triode), 078 
800 (mercury diode), 47 
884, 885 (thyratron), 45 
889A (transmitting triode), 20 
Child’s law, 12 

(See also Space-charge limited current) 
Choke input filters, 216 
Clamping circuit, continuously acting, 
297 

switched, double-sided, 300 
single-sided, 305 

Class A amplifiers (sec Amplifiers) 

Class B, C, amplifiers (sec Amplifiers) 
Class C modulated amplifier, 502 
Clipping, sideband, in modulators, 550 
Cloud, electron, 11 
Coefficient, coupling, 340 
Coil, Q of, 340 
Cold-cathode triodes, 41 
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ELECTRON-TUBE CIRCUITS 


Collisions in arc tubes, 40 
ionizing, 9 
by positive ions, 9 
Colpitis oscillator, 411 
Compensated amplifiers (see Amplifiers, 
broad-band) 

Composite characteristics, push-pull, 
dynamic, 329 
static, 326 

Computer circuits (sec Electronic 
computing circuits) 
Condensed-mercury temperature and 
vapor pressure, 47 
Conductance, mutual, 18, 401 
Conduction, gaseous, 38 
(See also Arc) 

Constant-current characteristic, 17, 21 
383 

Constants, multielectrode tube, 24 
triodes, 18 

Controlled rectifiers, 205 ff. 
filter for, 227 
ignitron, 212 

thyratron, average current, 206 
bias control, 210 
bias-phase control, 211 
on-off control, 212 
phase-shift control, 208 
circuits, 209 

circle diagram, 209 
potential across tube, 207 
Conversion, general theory, 594 
square-law, 593 
transconductance, 593 
expressions for, 596 
Converter, pentagrid, 596 
Counter circuits (see Trigger circuits) 
Coupling, amplifier, cathode, 130 
resistance, 129 
resistance-capacitance, 112 
coefficient, critical, 347 
transitional, 349 
networks, design, 368 
Critical grid-control curves, 44 
Critical inductance, filters, 53 
Crystal oscillators, 447 v* 

Current density, 11 
Current feedback, 153 
Current-potential locus, push-pull 
amplifier, 327 
resistance load, 63 

Current-source equivalent circuit, 67 
Cutin, capacitor input filter, 220 
inductance filter, 216 
Cutout, capacitor input filters, 220 
inductance filter, 217 
L-section filters, 226 


Cylinders, space-charge limited current, 
12 


D-c amplifier (see Amplifiers, direct- 
coupled) 

D-c restorer, 293 

(Sec also Clamping circuit) 
Decibel gain, 92 

Decoupling filters in amplifiers, 105 
Deflection in cathode-ray tubes (see 
Sweep generators) 

Degenerative feedback, 148 
Deionization, 48 
Delay, age systems, 589 
distortion, 91 

Delay, time, in amplifiers, 91 
generation, 462 

(See also Gate circuits) 
linear delay gate, 462 
linear-sweep delay, 473 
Miller integrating methods, 466 
phantastron, 472 
sanatron, 465 
Demodulation, 574 ff. 
definition, 574 ✓ 

(Sec also Detection) 

Demodulator, definition, 574 

(See also Demodulation; Detection, 

Detector) 

Detection, for amplitude-modulated 

waves, 574 ff. 
conversion, 592 
definition, 574 
diode (see linear, below) 

for frequency-modulated waves, 

624 


linear, 577 

diagonal clipping, 583 
distortion, 583 
effect of load on, 587 
efficiency, 580 
input impedance, 582 

rectification characteristic, 

single-sideband, 591 
square-law, 575 1/ 

distortion in, 576 
with triode, 575 
suppressed carrier, 590 
Detector, diode, 577 
discriminator, 624 
first, 596 
linear, 577 
ratio, 632 
square-law, 575 
(Sec also Detection) 
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Deviation, frequency, in frequency 
modulation, 503 

Deviation ratio in frequency modulation, 
503 

Difference amplifier, 246 ff. 
cascode, 250 
cathode-coupled, 246 
Differentiation, amplifiers, 261 
circuits, 259, 288 

Diode, characteristics, operating, 9 
static, 12 
clipper, 282 ff. 
cylindrical, 12 
high-pressure gas, 43 
high-vacuum, as clamper, 297 ff. 
hot-cathode gas, 42 
phasemeter, 651 
plane parallel, 12 
ratings, 13, 47 
as rectifiers (see Rectifiers) 
voltmeter, 643 

Direct-coupled amplifiers (see Amplifiers) 
Discharge, electrical, in gases, 38 
Discriminator for frequency modulation, 
624 

Disintegration of cathodes, 43 
Disintegration potential, 43 
Dissipation (see Plate dissipation) 
Distortion, amplitude (see Nonlinear 
distortion) 

in class A amplifiers, 91 
causes, 91 

permissible maximum, 317 
for push-pull operation, 330 
delay, 91 

feedback effect, 151 

frequency (see Frequency distortion) 

harmonic (see Nonlinear distortion) 

in linear detectors, 583 

in modulation, 550, 556 

nonlinear (see Nonlinear distortion) 

phase, 134 

in square-law detection, 576 
Doubler, frequency, 504 
potential, 202 
Driver stage, 331 
Dushman equation, 4 

jJynamic characteristics, class A, 65 
' Construction, 65 

general power-series representation, 73 
n mlinear distortion, 91 
pa'abolic, 73 
pus' -pull, 329 
ri tifier, 195 
resistance load, 65 
Dynatron, oscillator, 421 


Eccles-Jordan trigger circuit, 478 
Efficiency, cathode, 4 
detection, 580 

plate-circuit (see Plate-circuit 
efficiency) 
rectification, 197 
tuned-circuit transfer, 370 
Electric arc (see Arc) 

Electrical discharge in gases, 38 
arc (see Arc) 
breakdown, 39 
glow, 39 

Electrometer, 648 
tubes for, 54 

Electron, secondary (see Secondary 
emission) 

Electron-current density, drift, 11 
Electron emission, bombardment, 9 
photoelectric, 7 

secondary (see Secondary emission) 
thermionic, 3, 104 
Electron tubes, classification, 89 
(See also Diode; Pentode; Tetrode; 
Thyratrons; Triode) 

Electronic computer, analog, 262 
Electronic computing circuits, 246 ff. 
adding, 251 
difference, 246 
of squares, 273 
differentiating, 259, 261 
dividing, 274 
integrating, 257, 260 
multiplying, 267 
operational types, 254 
square root, 273 
squaring, 271 
summing, 251 

Electronic instruments, 640 ff. 
ammeter, 648 
frequency, 656 
phase, 649 
power, 653 

^ voltmeter (see Vacuum-tube voltmeter) 
Electrostatic deflection in cathode-ray 
tubes, 49 

Emission, electron (see Electron 
emission) 

Equivalent circuit, linear class A, 68 
analytical derivation, 66 
current-source, 67 

interelectrode capacitance, effect, 96 
pentode, 100 

potential-source, 65 
tetrode, 99 

transistor, grounded-base, 81 
grounded-collector, 84 
grounded-emitter, 82 

JLdr 
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Excitation potential, in amplifiers, a-c 
d-c components, 62 
multistage, 114 
push-pull, 331 
thy rat rons, 206 

Feedback, in amplifiers, 147 ff. 

effect of, on frequency and phase 
distortion, 151 
on input impedance, 166 
on internal impedance, 157 
on noise, 152 

on nonlinear distortion, 151 
on output impedance, 164 
on stability of amplification, 150 
gain, 147 
negative, 148 
positive, 148 
and stability, 167 

criterion for oscillation, 169, 399 
circuits, 152 
compound, 156 
current, 153 
potential, 154 
Feedback factor, 147 
Feedback oscillators, 399 
Feedback ratio, complex, 401 
Field emission, 9 

Filament (see Thermionic cathodes) 
Filament potential, 103 
Filter, capacitor input, 219 
cut in, 220 
cutout, 220 

effect on inverse peak potential, 223 
peak-tube current with, 220 
ripple, 223 

choke or inductor input, 216 
cutout, 217 
ripple, 218 

controlled rectifier, 227 
decoupling, in amplifiers, 104 
L- section, 224 

bleeder resistance, 226 
critical inductance, 226 
cutout, 225 
ripple, 224 
swinging choke, 227 
multiple L-section, 227 
ripple, 228 
pi section, 229 
ripple, 229 

Flash-back potential, 47 
Forward potential rating, rectifiers, 47 
Fourier series, amplifier output, push- 
pull, 330 
single-tube, 74 


Fourier series, rectifier output, single¬ 
phase, full-wave, 216 
half-wave, 216 

Frequencies, half-power, 118, 119, 127 
mid-frequency range, 116 
sideband, in amplitude-modulated 
wave, 547 

in frequency-modulated wave, 603 
Frequency, angular, instantaneous, 601 
carrier, 547 
mid-band, 116 
multiplication, 398 
threshold, 7 

Frequencv characteristic, 120, 341, 347, 
354, 357 

with inverse feedback, 148 
Frequency conversion, 592 
Frequency converter tubes, 596 
Frequency distortion, description, 91 
direct-coupled, 128 
resistance-capacitance-coupled, 120 
transistor, 122 
tuned potential, 338 ff. 
tuned power, 368 ff. 
video, 132 

Frequency division, blocking oscillator, 
443 

multivibrator, 441 
scaling circuits, 478 
Frequency measurement, frequency 
meter, 655 

with oscilloscope, 654 
Frequency meter, electronic, 655 
Frequency-modulated oscillator, 610 
Frequency modulation ( see Modulation) 
Frequency-modulation detection, 624 
Frequency-modulation receivers, 623, 

624 

Frequency response (see Frequency 
distortion) 

Frequency stability of oscillators, 412 
Frequency translation (see Detection; 
Modulation) 

Full-wave rectification, 199 

Gain, potential (see Amplifiers; 
Transistors) 

Gain-bandwidth product, 125 
Gas amplification, phototube, 7 
Gas diodes, 42 
Gas phototubes, 7 
Gaseous conduction, 39 ff. 

(See also Arc) 

Gate circuits, a-c coupled, 452 
diode decouplers in, 454 
cathode-coupled, 458 
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Gate circuits, d-c coupled, 455 
pentode, 461 
transistor, 451 
(See also Delay) 

Germanium, 28 
Glow discharge, 39 
Glow tubes, diodes, 41 
triodes, 42 

Graphical determination of Fourier 
components, 73 

Grid, control, cold-cathode triode, 41 
definition, 15 
grid-control curves, 16 
in high-vacuum tubes, control of 
current, 15 
heating, 388 
nonuniform, 25 
screen, 19 
suppressor, 25 
in thyratron, 44 
Grid-bias modulation, 562, 566 
Grid-bias potential, self-bias, 104 
Grid-control curves, thyratron, 44, 45 
Grid current, causes, 41, 374^ 
class A amplifier, 374 C 
class C amplifier, 384 
oscillators, 407 
thyratrons, 45 

Grid driving power, class C amplifiers, 
388 

Grid glow tube, 41 

Grid leak and capacitor-bias potential, 
407 

build-up, 408 

effect on oscillator stability, 409 
Grid-plate transconductance, 18, 24 
Grid potential, bias, 104 
(See also Self-bias) 
cutoff, 90, 372 
Grounded-grid amplifier, 93 

Harmonic distortion (see Nonlinear 
distortion) 

Harmonic generation, in linear detector, 
588 

in modulation, 556 
in square-law detection, 576 

j^in triodes, 73 

Harmonics (see Fourier series; Nonlinear 

distortion) 

Hartley oscillator, 399 
Heat-shielded cathodes, 6 
Heising modulator, 555 

Heptode, 26 

Hexode, 26 

High field emission, 9 


High-level modulation, 556 
High-pressure arcs, 43 

Ignitor rod, 46 
Ignitron rectifier, 46 
Image force, 3 

Impedance matching, 214, 218 
by transformer, 216 
Inductance, cathode lead, 101 
for filters, 216 

critical, in L-section, 226 
swinging choke, 227 

Input admittance, effect on, of feedback, 
166 

of lead inductance, 101 
pentode, 100 
tetrode, 100 
transit time effect, 103 
triode, 98 

Input capacitance of amplifiers, 114 
effect on operation, 119 
Input potential (see Excitation potential) 
Input resistance, transistors, 107 
triodes, 98 

negative, conditions for, 98 
Instantaneous amplitude, 546 
Instantaneous angular frequency, 546, 
601 

Instantaneous phase, 546, 601 
Insulation stress in transformers, 197, 
200, 203 

Integrating amplifier, 260 
Integrating circuits, 288, 505 ff. 
Intcrelectrodc capacitance, 95 ff. 
in anode follower, 179 
in cathode follower, 173 
effect on input admittance, 98 
equivalent circuit including, 96 
numerical values for several tubes, 

661 ff. 

pentode, 100 

reduction by screen grid, 22 
tetrode, 99 

Inverse feedback, 148 

Inverse peak-potential rating, bridge 

circuit, 203 

single-phase, full-wave circuit, 200 
half-wave circuit, 197 

with capacitor input filter, 223 
potential doubler, 203 
Inverted amplifier, 146 
Inward-radiating cathode, 6 
Ionization, description, 9 
by electron bombardment, 9 
photoelectric, 9 
in plasmas, 39 
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Ionization, by positive ions, 9, 39 
Ionization time, 48 
Ions, 9 

function in gaseous conduction, 39 
in glow-discharge cathode-fall space, 40 
in plasma, 10 

Junction transistor, 32 


Kinetic energy, electrons and electron 
velocity, 11 
Konal metal, 5 

/./-section filter (see Filter) 
Langmuir-Child’s law, 12 
Limiter, amplitude, 322 fT. 
diode, 322 
grid, 325 
plate, 325 

Line-controlled pulse generator, 495 
Linear amplifier, class A, 73 
class B, 306 

Linear delay circuits, 473 
Linear detector, 577 
Lissajous pattern for measurement, of 
frequency, 655 
of phase, 649 

Load line, nonlinear, in push-pull j 

amplifier, 329 

pentode amplifier circuit, 322 
rectifier, single-phase, half-wave, 195 
triode amplifier circuit, 03 
Load resistance, choice in pentodes, 322 
class A amplifier, 03 

maximum power output, 314, 318 
matching, 316 
push-pull amplifier, 328 
Local oscillators, 592, 596 
Low-level modulation, 551 

Magnetic deflection in cathode-ray 
tubes, 55, 527 
Master oscillator, 413 
Maximal flatness, 347 
Maximum power output, class A 
amplifier, 314, 318 
push-pull connection, 328 
from linear modulator, 560 
undistorted, 318 
Mercury, vapor pressure of, 42 
Mercury-arc rectifier, arc back, 47 
arc drop, 40, 47 
cathode disintegration, 43 


Mercury-arc rectifier, evaporation of 
mercury, 42 

flash-back potential, as function of 
temperature, 47 
ratings, average current, 47 
forward potential, 47 
inverse potential, 47 
surge current, 47 
vapor pressure, 42 
Merit, figure of, vacuum tube, 126 
Metals, image force, 3 
secondary emission, 8 
thermionic emission, 3 
work function, 3 
Miller integrating circuit, 466 
Millman network theorem, 660 
Miseh metal, 40 
Mixer, 592 

Mixing (sec Conversion) 

Modulated wave, components, 

amplitude-modulated, 547 
frequency-modulated, 603 
envelope, 601 

Modulation, amplitude, 546 fT. 
comparison with frequency 
modulation, 546 
definition, 516 
expression for, 547 
frequency spectrum, 548 
linear, 556 
sidebands, 548 
sinor representation, 548 
square-law, 551 
angular, 601 

instantaneous, 601 
carrier suppression, 553 
cathode, 567 
definition, 546 

feedback to improve linearity, 550 
frequency, 600 ff. 
capture; 634 

characteristics, 600 . 

comparison with phase mo u a ion, 

609 

definition, 601 
deviation ratio, 603 
expression for, 603 
frequency deviation, 606 
narrow- band, 618 .J| 

spectrum, 603 
wide-band, 610 
frequency translation by, 54 
grid-bias, 562 
advantages, 566 
high-level, 556 
index, 547 
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Modulation, low-level, 551 
percentage, 547 
phase, 608 

comparison with frequency modula¬ 
tion, 609 

expression for, 609 
sinor representation, 619 
plate, 557 ^ 
advantages, 566 
process, 546 
sidebands, 547 
single-sideband, 554 
sinor representation, 548 
square-law, 551 
suppressor grid, 568 
transformer, 561 
types, 546 
van der Bijl, 551 
Modulation characteristics, 557 
Modulation factor, 547, 603 
Modulation frequency, 547 
Modulator, amplitude, 547 ff. 
balanced, 553 

grid-modulated class C amplifier as, 
562 

Heising, 555 

plate-modulated class C amplifier as, 



frequency, 610 


Armstrong method, 618 
phasitron, 621 
reactance tube, 610 
stabilization, 616 
phase, 608 
single-sideband, 554 
suppressed carrier, 554 
(See also Modulation) 

Monostable relaxation circuit (see Gate 
circuits) 

Multiar, 471 
Multielectrode tubes, 19 
beam power, 26 
shield-grid thyratrons, 45 
(See also Pentode; Tetrode) 

Multiple L-section filters, 227, 228 
Multiplying amplifiers, 267 
Multiplying rectifiers, 203 
Multistage amplifiers, 112 ff. 
Multivibrators (see Gate circuits; \/ 
Oscillators, relaxation) 

Mutual characteristics, 17 
Mutual conductance, 18 
measurement, 72 

numerical values of several tubes, 

661 ff. 


N-p-n transistor, 36 
Negative feedback, 148 
Negative input resistance, of amplifiers, 
98 

of transistors, 169 

Negative plate resistance in tetrodes, 23 
Negative-resistance oscillator, 421 
Negative-transconductance oscillator, 
423, 448 

Network theorem, Millman, 660 
Norton, 659 
Th6venin, 659 

Nonlinear circuit element, as modulator, 
551 

as rectifier, 194 ff. 

Nonlinear distortion, description, 73 ff. 
distortion factor, 75 
effect of feedback on, 151 
five-point schedule, 75 
general dynamic curve, 73 
parabolic dynamic curve, 73 
push-pull amplifiers, 330 
Nonlinearity and oscillator stability, 402 
Normal glow discharge, 39 

On-off control of thyratrons, 212 
Operating point, 63 
Oscillation, in amplifiers, 147 ff. 
Barkhjiusen criterion for, 412 ^ 
Nyquist criterion for, 169 
Oscillators, 398 ff. 
automatic amplitude control, 418 
basic circuits, 311 
bridged-T, 419 
classification, 398, 

Col pitts, 311'^^ 
criteria for oscillation, 402 
crystal-controlled, 447 
dynatron, 421 
feedback, 399 

self-excitation in, 399 
Franklin, 445 

frequency-modulated, 610 

frequency stability, 312 
grid bias in, 306 
Hartley, 311**^ 

Meacham, 447 
multivibrator, 426 
negative resistance, 421 
negative transconductance, 423 
nonlinearity and stabilization, 398 
phase-shift, 413, 446 
relaxation, 424 
blocking, 435 

synchronization, 443 
gas diode, 505 
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Oscillators, relaxation, gas triode, 506 

multivibrator, 425 

biased plate-coupled, 430 

cathode-coupled, 432 

pentodes in, 434 

period of, 429 

plate-coupled, 425 

transistor, 481 

pentode, van der Pol, 438 

synchronization, pulse, 440 

sipe wave, 441 

transistor, 481 

resistahce-capacitance, 414 
• 

square-wave (sec relaxation, multi¬ 
vibrator, above ) 
stabilization, amplitude, 418 
transitron, 448 
tuned-grid, 311 
tuned-grid tuned-plate, 311 
tuned-plate, 308 

frequency of oscillation, 307 
self-excitation, 306 

tw-in-T, 419 ^ X 

Wien-bridge, 417 \s 
Oscilloscope, as frequency meter T 655 
as phase meter, 649 
as voltmeter, 640 
Output impedance, 164 ff. 
anode follower, 178 
cathode follower, 173 
effect of feedback on, 165, 166 
Output potential of amplifier (see 
Amplifiers, potential gain) 
Oxide-coated cathodes, 3 
disintegration, 43 
work function, 3 


Parallel-feed amplifiers, 315, 321 
Paraphase amplifiers, 517, 519, 520 
Peak inverse potential rating (see 
Inverse peak potential rating) 
Peaking circuits, 287, 493 
Pentode, 25 ^ 

in class A amplifier, 322 



in class B amplitude-frequency ampli 
fier, 329 

equivalent circuit, 100 
input admittance, 100 
interelectrode capacitances, 100 
load resistance, 322 
modulation with, 568 
plate characteristics, 25 
potential gain with, 101 
power, 322 
remote cutoff, 26 
in tuned amplifier, 338 ff. 


Phase characteristic, 341 
Phase distortion, 91 
Phase inverter, 331 
Phase modulation (see Modulation) 
Phase relations, amplifier, 64, 120, 341 
Phase-shift characteristics of tuned 
amplifier, 341 

Phase-shift control, ignitron, 212 
Phase-shift distortion, 91 
Phasemeter, electronic, 649 
Photocells, 7 

Photoelectric emission, 7 ff. 

gas amplification, 7 
Phototubes, vacuum, gas-filled, 7 
potential-current curve, 7 
Pi-section filters, 228 
Piezoelectric crystals in oscillators, 447 
TlaSliiu, description of, 40 
Plate characteristics, 17 

(See also Characteristic tube curves) 
Plate-circuit efficiency, amplifier, class 
A, 319 

class B, tuned, 377 
class C, modulated, grid, 565 
plate, 560 
tuned, 387 

Plate current, average value, 376, 381, 
384, 558 

total differential, 18, 66 
Plate dissipation, 320 
in class C amplifier, 388 
during modulation, 561, 565 
permissible, 379 
in tuned class B amplifier, 378 
Plate efficiency, amplifier, class A, 319 
series-fed, 321 
shunt-fed, 321 

tuned class B, 377 

tuned class C, and operating angle, 


388 

Plate modulation, 557, 566 
Plate-plate resistance, 326 
Plate resistance, diode, 196 
measurement, 72 
multielectrode tubes, 24 
negative, in tetrodes, 23, 421 
numerical values of several tubes, 

661 ff. 

push-pull amplifiers, 326 


ode, 23 
de, 18 

able nature, 19 

transistor, 7 

contact transistor, 37 

diagram of feedback amplifier, 168 

m feedback, 148 
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?ositive-ion current, 40 
Positive ions, 39, 40 
Potential, breakdown (sparking), 39 
Potential comparators, 470, 477 
Multiar, 471 

Potential distribution, 11, 39 
glow discharge, 39 
parallel-plane diode, space-charge 
flow, 11 
in plasma, 39 

Potential gain, cascade amplifier, 114 
decibels, 93 
with feedback, 148 
(See also Amplifiers, potential gain) 
Potential-source equivalent circuit, 65 
Power, rectifier, input, 197, 200 

maximum (see Maximum power 
output) 

output, 196, 199 
Power amplifiers, 313 ff. 

Power oscillator, 408 
Power sensitivity, 93 
Power series, 73 

Power supply, electronically regulated, 

234 

output resistance, 237 
precautions in, 239 
stabilization ratio, 236 
potential-regulated, 230 ff. 
glow-tube, 230 
series vacuum tube, 232 
PPI presentation, 541 
Predistorter in frequency modulation, 621 
Preemphasis of high frequencies, 615 
Pressure, mercury, as function of tem¬ 
perature, 42 
Pulse generation, 492 

by differentiation, 287, 493 
with gas tubes, 494 
line-controlled, 495 ^ ' 

Push-pull amplifier, class A, 323 ff. 
circuit, 324 

composite dynamic characteristic, 
329 

composite static characteristic 
curves, 326 
distortion, 330 
equivalent circuit, 325 u 

harmonics in, 330 
plate-plate resistance, 326 
power output, 330 
single-ended, 337 
class B, 331 ^ 

driver stages for, 331 
single-tube paraphase, 332 
two-tube paraphase, 332 


Q point, 63 

Quadrupler, potential, 204 
Quiescent point ((?), 63 

Radio communication, frequency modu¬ 
lation, 600, 623 
modulation essential for, 546 
single sideband, 554 
suppressed carrier, 554 
Radio-frequency amplifiers (see Tuned 
amplifiers) 

Ratio detector, 632 
Reactance tube, 611 
Receiver, automatic gain control, 588 
bandwidth, for amplitude-modulated 
waves, 365 

for frequency-modulated waves, 623 
frequency-modulation, 623 
discriminator, 624 
limiter, 624 
selectivity, 338, 352 
single-sideband, 591 
superheterodyne, 599 
tracking, 594 
volume control, 588 
Recombination, ions, 39 
Rectification, definition, 194 
Rectification characteristics, 586 
Rectifier filters, 219 ff. 

Rectifier meter, 203 
Rectifiers, circuits, bridge, 202 
full-wave single-phase, 199 
gas tubes, 200 
half-wave, single-phase, 194 
potential doubling, 203 
potential quadrupling, 204 
Rcctigon tube, 43 
Reflected resistance, 316 
Regeneration in amplifiers, 148 
Regulators, electronic, 234, 236, 237, 239 
glow-tube, 230 
stabilization ratio, 232 
Relaxation oscillator (see Oscillators) 
Remote-cutoff tubes, 25 
Resistance, bleeder, 226 

grid, for high-vacuum tubes, 62 
input, of tubes, 99 
load (see Load resistance) 
negative, 421 

plate (see Plate resistance) 
plate-plate, 326 
reflected, 316 

Resistance-capacitance-cprl^led 
amplifier, 112 ff. y 
applicability, 112 
cascaded stages, 114 
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Resistance-capacitance-coupled 

amplifiers, feedback, 157 
frequency characteristic, 120 
gain of, high-frequency, 119 
low-frequency, 117 
mid-frequcncy, 116 
gain-bandwidth product, 125 
half-power frequency, 117, 119 
extending, 132, 139, 142 
transient response, 138 
rise time, 138 

universal amplification curve, 120 

Resistance-capacitance tuned oscillator, 
414 

Resistance-coupled amplifiers (see 
Amplifiers, direct-coupled) 

Resonance, double-tuned, 347 
parallel, 340 

transformer-coupled circuit, 344 
universal resonance curve, 341 

Ripple factor, capacitor filter, 223 
definition, 198 
full-wave circuit, 200 

half-wave circuit, gas tube, 202 
vacuum tube, 199 

inductor filter, full-wave, 218 
L-section filter, 224 
multiple, 228 
pi-section filter, 229 


Saturation, in phototubes, 7 
in screen-grid tubes, 22 
space-charge limited current, 12 
temperature limited current, 4 
tungsten filament, 4 

Saw-tooth generators (see Sweep 
generators) 

Scaler circuits, ring-counter circuits 490 
with trigger circuits, 487 

Schedule method in Fourier analysis, 75 
Sfrften grid in tubes, 19 

Screen-grid tubes (see Tetrode) 

Screen supply potential, 104 
Second harmonic, in rectifiers (see 
Ripple factor) 

in tubes (see Nonlinear distortion) 

Secondary emission, by ion bombard¬ 
ment, 9 

suppression, in beam tubes, 28 
in pentodes, 25 
in tetrodes, 22 

Self-bias in amplifiers, feedback resulting 
from, 104, 150 

in push-pull amplifiers. 325 


Semiconductors (see Solid-state theory) 
Semigraphical analysis, class B and clas: 
C amplifiers, 382 

Series, Fourier (see Fourier series) 
power, 73 
Taylor, 18, 66 
Shield-grid thyratron, 45 
Shunt-feed amplifiers, 315, 321 
Shunt peaking in amplifiers, 132, 139, 142 
Side frequencies, detection (see Detec¬ 
tion) 

for frequency modulation, 603 
receivers (see Receiver) 
separation of carrier from, 554 
Sidebands, amplitude-modulation, 548 
separation from carrier, 554 
clipping in detectors, 583 
frequency-modulation, 603 
Signal potential (see Excitation potential 
Silicon, 28 

Solid-state theory, 28 ff. 
junction transistor, 32 
p-n junction, 31 
semiconductors, 28 
crystal structure, 28 
impurity, 30 
point-contact diodes, 36 
point-contact transistors, 37 
type-A transistor, 37 
Sources of electrons, 1 

(See also specific types of emission) 
Space charge, cloud, 10 
in glow discharge, 40 
limitation of current by, 12 
neutralization by positive ions, 40 
in plasma, 40 

Space charge flow, 12 
Space-charge limited current, factors in¬ 
fluencing, 12 

\ parallel planes, current between, 9 ff. 
three-halves-power dependence, 12 
Sparking potential, 39 
Square-law modulation, 551 
Stability of oscillators, amplitude, 418 
frequency, 412 
reactance tube, 610 
Stabilization of amplifiers by feedback, 

150 

Stagger-tuned amplifier, 354 

Starter probe, 40 

Static characteristics, 661 ff. 

Sup6rcontrol tubes, 25 
Super het erodyne , 599 
Suppression of carrier wave, 554 
Suppressor-grid modulation, 568 
Surge-current rating, 47 
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Sweep generators, for cathode-ray tubes, 
capacitive, 504 ff. 
characteristics, 49, 504 
electrostatic deflection, 49 
free-running synchronization, 506 
thyratrons in, 506 
vacuum tubes in, 508 
linearizing methods, auxiliary time 
constant, 513 

constant-current generator, 512 
feedback, 514 
bootstrap, 514 
Miller, 466 

high-potential charging, 511 
inverse curvature, 513 
push-pull, 516 
triggered, 509 
circular, 539 

electromagnetic deflection, 55, 527 
characteristics, 527 
effects of distributed capacitance in, 

534 

linearizing methods, exponential, 527 
feedback, 535 
oscillatory, 528 
trapezoidal, 529 
rotating radial (PPI), 541 
Swinging chokes for filters, 226 
Switching circuits (see Gate circuits; Os¬ 
cillators, relaxation, multivibrator) 
Synchronization of blocking oscillators, 
443 

multivibrators, 440 


Tank circuits for tuned power amplifier, 
368 

Taylor scries for triode, 66 
and power scries, 73 
Tem perature, anodes in diodes, 13 
arc cathodes, 43 
glass envelope of tubes, 13 
mercury pressure, 42 
rating of diodes, 13, 47 
thermionic cathodes, 5 
Temperature-limited current, 4 
Tetrode, 19 

beam power tubes, 26 
coefficients, 24 
disadvantages, 25 
equivalent circuit for, 100 
gas, 45 

input admittance, 99 
intcrelectrode capacitances in, 99 
mutual conductance, 24 
negative resistance in, 23 


693 

Tetrode, plate characteristic, 22 
screen-grid, 19 
secondary emission, 23 
Thermionic cathodes, carbonization, 5 
directly heated, 5 
efficiency, 4 
heat-shielded, 6 
indirectly heated, 5 
oxide-coated, 4, 43 
temperature of, 4 
thoriated-tungsten, 5 
tungsten, 4 

Thermionic emission, 2 ff> 
constants of (Ao, 5o, E «.), 4 
Dushman equation, 4 
efficiency, 4 

power for heating cathodes, 104 
saturation, 4 
work function, 4 

Third harmonic (see Nonlinear distor¬ 
tion) 

Thoriated-tungsten cathodes, 4 
Three-halvcs-powcr law, 12 
Threshold frequency, 7 
Threshold wavelength, 7 
Thyratrons, 44 ff. 
argon-filled, 45 
cathode for, 6 

(See also Oxide-coated cathodes) 
cathode-ray oscilloscope sweep circuit, 
use in, 506 

control of average current, 205 ff. 
critical grid-control curves, 45 
cutin, 205 

deionization time, 48 
filters for use with, 227 
grid-glow tube, 41 
ignitron controlled by, 212 
ionization time, 48 
mercury-vapor pressure in, 42 
positive control tubes, 45 
pulse generators, line-controlled, 479 
use in, 493 
shield-grid, 45 
tube drop, 206 
Time, deionization, 48 
ionization, 48 

resolution, scaling circuits, 479 
Time delay, generation (see Delay) 
Transconductance, grid-plate, 18 
Transfer characteristic, 7 
Transformer, output, push-pull, 326 
r-f air core, 338 

Transformer-coupled amplifiers, imped¬ 
ance matching, 316 
push-pull amplifier, 326 
tuned, in amplifiers, 342 
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electron-tube circuits 


Transformer insulation stress, full-wave 
rectifier, 200 

half-wave rectifier, 197 

Transformers as impedance-matching de¬ 
vices, 316 

TVansIation, frequency, by modulation, 
546 * 


Transistors, 32 , 37 
as circuit elements, 75 ff. 
cascaded amplifiers, 121 
circuits, grounded-base, 81, 106 
grounded-collector, 84 
grounded-emitter, 82 

switching, 481 
coefficients, 79 

high-frequency operation, 122 
network considerations, 79 
parameters, 81 
power gain, 105 
stability, 169 
types, A, 37 



stabilization, 616 

Trapezium distortion in cathode-rav 
tubes, 516 
Trigger circuits, 477 
Eccles-Jordan, 478 
pentode, 480 
scale-of-two, 478, 481 
pentodes in, 480 
Triodcs, gas (see Thyratrons) 

Taylor scries for, 66 
vacuum, 15 fT. 
amplification factor, 18 

characteristic curves (see Character¬ 
istic tube curves) 
coefficient, 18 
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constant-current characteristics, 17 
grid current, 16 

(See also Grid current) v „ 
grid heating, 388 
input admittance, 98 J 
interelectrode capacitances, 96 
mutual characteristics, 17 

mutual conductance (see Mutual 
conductance) 
plate characteristics, 17 
plate resistance, 18 


Triodes, vacuum, space charge, 15 
square-law detection with, 575 
square-law modulation with, 551 
Taylor series for, 18, 66 

Tube constants, multielectrode tubes, 24 
relation among, 18 
triodes, 18 

Tube drop, in arcs, 40 
in glow tubes, 40 
Tubes, 661 ff. 

figure of merit, 126 
Tuned amplifiers, class A, 328 ff. 
bridged-T, 362 
cascode, 364 
coupling, 338 
distortion, 338 
double-tuned, 344 ff. 
bandwidth, 342, 344, 351 

cascade, bandwidth reduction, 352 
gain, 346 

gain-bandwidth product, 353 
maximal flatness, 347 
transitional coupling, 349 
single-tuned, 339 ff. 
cascade, bandwidth reduction, 35 1 
direct-coupled, 339 
bandwidth, 342 
gain, 341 

gain-bandwidth product, 353 
transformer-coupled, 342 
bandwidth, 344 
gain, 343 

optimum coupling, 343 
stagger-tuned, 354 

comparison with double-tuned, 

355 

class B power, 372 

analysis tabulation, 387 
analytical treatment, 375 
applications, 350 V 

optimum conditions, 379 
phase relations, 375 
plate efficiency, 378 
semigraphical analysis, 374, 382 
class C power, 379 ff. 
analysis tabulation, 387 
approximate analytical solution, 394 
cathode-modulated, 567 
conditions for high efficiency, 387 
design considerations, 390 
grid-bias-modulated, 562 
grid current, 384 
idealized, solution, 381 
plate current, 384 
plate dissipation, 388 
plate efficiency, 387 
plate modulation, 557 



